(19) 



J 



Europdi^ies Patentamt 
Europ J^^tent Office 
Office europeen des brevets 




(12) 



(45) Date of publication and mention 
of the grant of the patent: 
13.03.2002 Bulletin 2002/11 

(21) Application number: 93919658.0 

(22) Date of filing: 14.09.1993 



(11) EP 0 619 104 B1 

EUROPEAN PATENT SPECIFICATION 

(51) lntCI.7: A61N7/00 



(86) International application number: 
PCT/JP93/01310 

(87) International publication number: 

WO 94/06380 (31.03.1994 Gazette 1994/08) 



(54) ULTRASONIC IRRADIATION APPARATUS 
ULTRASCHALLBESTRAHLUNGSGERAET 
DISPOSITIF D'IRRADIATION ULTRASONORE 



(84) Designated Contracting States: 
DE PR 

(30) Priority: 16.09.1992 JP 24617992 

(43) Date of publication of application: 
12.10.1994 Bulletin 1994/41 

(73) Proprietor: Hitachi, Ltd. 

Chiyoda-ku, Tokyo 101 (JP) 

(72) Inventors: 

• UMEMURA, Shinichiro 3-6-18, Akatsukicho 
Tokyo 192 (JP) 

• KAWABATA, Kenlchi Hitachi Hatoyamaryo 
HIki-gun Saltama 350-03 (JP) 

• UCHIDA, Kenko 2-23, Hitachi Hatoyama Hausu 
Hiki-gun Saltama 350-03 (JP) 

• YASUDA, KenJI Hitachi Hatoyamaryo 
2527, Akanuma 

Saltama 350-03 (JP) 

• WADA,Yasuo 6-14-5, Otsuka 
Tokyo 112 (JP) 



O 

o> 

CD 

o 



« HIRAiWA,Atsushi 2-21-10, Suwacho 
Tokyo 189 (JP) 

(74) Representative: Strehl Schubel-Hopf & Partner 
Maximilianstrasse 54 
80538 MUnchen (DE) 



(56) References cited: 
EP-A-0 351 610 
JP-A-2126 848 
US-A-4 375 991 



GB-A- 1 389 291 
US-A- 3 991 933 



PROCEEDINGS OF THE 7TH INTERNATIONAL 
CONGRESS ON ACOUSTICS 18-26 AUG. 1971, 
BUDAPEST, HUNGARY, AKADEMIAI KIADO, 
pages 193-196, XP 000564800 ADLER L ET AL 
'Excitation of fractional harmonic ultrasonic 
waves' 

ULTRASONICS (UK), vol. 19, no. 5, September 
1981 UK, pages 217-224, XP 000560643 MILLER 
D L ' Ultrasonic detection of resonant cavitation 
bubbles In a flow tube by their second-harmonic 
emmisions.' 



CO 

m 



Note: Within nine months from the publication of the mention of the grant of the European patent, any person may give 
notice to the European Patent Office of opposition to the European patent granted. Notice of opposition shall be filed In 
a written reasoned statement. It shall not be deemed to have been filed until the opposition fee has been paid. (Art. 
99(1) European Patent Convention). 



O 

O 

-a 



Printivj hw .!n«v«! 7Rnni OARI.Q fPO> 



EP 0 619 104 B1 

Description 



TECHNICAL FIELD 

5 [0001] The present invention relates to an apparatus for generating ultrasonic waves such as an ultrasonic thera- 
peutic apparatus suitable for medical treatment of malignant tumors and medical treatment of thrombi and calculi, an 
ultrasonic diagnostic apparatus having the function of generating ultrasonic cavitation for emphasizing an ultrasonic 
echo image of, for example, blood flow, an ultrasonic apparatus accelerating chemical reactions, an ultrasonic cleaning 
apparatus for solid surfaces, an ultrasonic bubble generating apparatus or a sterilizing apparatus for liquid. 

10 

BACKGROUND ART 

[0002] A medical treatment of malignant tumors and a remedy for calculi which are based on irradiation of a con- 
verging high-intensity acoustic wave have been expected to serve as a noninvasive modality which does not depend 
IS on operation and as a modality which makes much of the quality of life after operation of a patient and-increase their 
social value more and more in future, too. Acoustic cavitation is considered to play an important role in generating the 
effect of medical treatment based on high-intensity focused acoustic wave irradiation. It has also been known that 
acoustic cavitation plays an important role also in accelerating chemical reactions and in cleaning based on ultrasound 
Irradiation. 

20 [0003] As a method of efficiently inducing the generation and collapse under pressure of acoustic cavitation for the 
above purposes, a technique has hitherto been reported as proposed in JP-A-2-1 26848, according to which ultrasonic 
waves are irradiated by switching acoustic fields at intervals of 1 to 1 00 msec. In this technique, based on the fact that 
the ultrasonic irradiation time, 1 to 100msec, is needed for generation of acoustic cavitation, ultrasonic irradiation is 
carried out while switching acoustic fields of different wave fronts at intervals of the above time range whereby the 

25 cycle of generation of acoustic cavitation by one acoustic field and collapse under pressure of the acoustic cavitation 
by the other acoustic field is repeated. Through this, the efficiency of ultrasonic chemical reaction could be an order 
of magnitude improved for the same ultrasonic power In comparison with the case without the switching of acoustic 
fields. 

[0004] in the semiconductor device production process, high-density integration of device prevails and concomitantly 
30 therewith, deposition of minute foreign matters on substrates or surface contamination affect the yield of products to 
a great extent. Therefore, the cleaning process becomes very important in the semiconductor device production proc- 
ess. When an ultrasound is irradiated on a liquid containing minute gas, pressure increase and pressure reduction due 
to the ultrasound, which are waves of condensation and rarefaction, are caused In a local region, bubbles of a size 
corresponding to a frequency of the ultrasound are vibrated, and collapse under pressure of bubbles occurs because 
35 of a phenomenon called acoustic cavitation, it has been known that the cleaning effects are observed on the condition 
that acoustic cavitation takes place and by virtue of this characteristic, the acoustic cavitation phenomenon is widely 
used for cleaning processes; cleaning of semiconductor substrates, glasses or tableware. 

[0005] Since the ultrasound changes its cleaning effect in accordance with the fomi of Its irradiation, a variety of 
methods for improving the efficiency of cleaning by arranging the location where an ultrasound in-adiated portion have 

40 been devised. However, such arrangement could not improve the cleaning efficiency sufficiently. For more efficient 
cleaning, a method is needed which can efficiently generate acoustic cavitation serving as a source of cleaning. As a 
conventional example In which an irradiation source of ultrasound is contrived in an ultrasonic cleaning apparatus, a 
cleaning apparatus as disclosed in JP-A-2-1 57078 has been devised which has higher cleaning power than the case 
of an ultrasound of a single frequency by having a source for generating ultrasonic waves of a plurality of frequencies. 

45 In this example, the additive effect of the ultrasonic waves in-adiated from the respective ultrasound sources could be 
attained but the cleaning effect could be limited because a combination of frequencies was not so set as to generate 
acoustic cavitation efficiently. 

[0006] Conventionally, in sterilization of liquid, a method using chlorine or ultraviolet rays has been used widely. In 
the case that the composition of liquid may be changed, especially, in the case of waste liquid disposal, chlorine treat- 
50 ment is used and in order to perform sterilization which does not change the composition of liquid to a great extent, 
ultraviolet rays are used. 

[0007] The sterilization using chlorine has been practiced for a relatively long time but it changes the composition of 
a liquid to be processed and so requires operations such as neutralization and removal of remaining chlorine to allow 
the sterilized liquid to be used for another purpose, raising problems from the standpoint of safety and environmental 
55 cost. The sterilization using ultraviolet rays does not use any chemicals and so It is used widely as a sterilization method 
which is simple and makes easy the handling of liquid after sterilization. However, since most of organic compounds 
has large absorption coefficient of ultraviolet rays, ultraviolet rays are not expected to be effective for a liquid containing 
a large amount of organic compounds unless the liquid is located near a light source. It has been known that when an 
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ultrasound is irradiated onl|Bf, acoustic cavitation occurs and sterilization can be imroed thereby. 
[0008] However, when taking the application to medical treatment, for a particular example, there are so many dif- 
ferent situations in real clinical applications even with the above-described techniques, ultrasonic power necessary for 
obtaining sufficient therapeutic effects Is not always of a sufficiently small level from the standpoint of the potential side 

5 effects due to the ultrasound. On the other hand, even in the conventional techniques Improved as described previously, 
only a very small part of irradiated ultrasonic energy is converted into the energy effective for generation and collapse 
under pressure of acoustic cavitation and In this respect, there still remained a need of improving the efficiency In 
principle. Accordingly, there is the need to have a technique which can afford to obtain the same therapeutic effect by 
a smaller ultrasonic power level than that of the aforementioned conventional techniques and its realization has been 

10 desired strongly for the sake of carrying out medical treatment while suppressing the side effects as far as possible. 
[0009] A known ultrasonic apparatus for therapeutical use, especially for activating an anticancer drug deep under 
the surface of body tissue, is disclosed in EP-A-351 610. This apparatus emits a plurality of ultrasonic waves whteh 
can have different frequencies, at subsequent times. The waves are preferably burst waves. 
[0010] US-3,991 ,933 relates to an apparatus for soldering, wherein the part to be soldered Is immersed in a bath of 

'5 molten solder and is caused to vibrate by ultrasonic energy of a square or sawtooth wave imposed on the solder bath. 
The precharacterising part of claim 1 starts out from an apparatus for generating ultrasonic waves as disclosed In this 
document. 



SUMMARY OF THE INVENTION 

20 

[0011] It Is an object of the invention to provide an apparatus for generating ultrasonic waves, which can cause 
acoustic cavitation with high efficiency. 

[0012] This object is solved by the apparatus set forth in claim 1 . The dependent claims are directed to prefen-ed 
embodiments of the invention. Claims 1 4 and 1 8 relate to an implementation of the invention in an ultrasonic cleaning 

25 apparatus and a liquid sterilising apparatus. 

[001 3] The invention can be implemented in an ultrasonic therapeutic. apparatus which can essentially eliminate the 
side effects, or a highly efficient ultrasonk: chemical reaction accelerating apparatus, ultrasonic cleaning apparatus or 
ultrasonic sterilizing apparatus. In addition, the invention can be used in an ultrasonic therapeutic apparatus with the 
function of preventing en-oneous irradiation by visualizing the efficiently generated acoustic cavitation as an ultrasonic 

30 Image or to improve the imaging capability of an ultrasonic diagnostic apparatus by emphasizing an echo characteristk: 
of, for example, a blood flow. 

[0014] And the Invention makes it possible to provide a cleaning apparatus with an ultrasound source at-a plurality 
of frequencies which has higher cleaning capability than the case of a single frequency and also provide higher cleaning 
effects as a result of the synergistic effect of the plural frequencies by setting a combination of the frequencies for 

35 efficient generation of acoustic cavitation. 

[0015] Since the size of bubbles participating in acoustic cavitation is essentially inversely proportional to the ultra- 
sound frequency, large bubbles collapse under pressure when a low frequency is used. With an increase in density of 
integration , the size of a pattern on a semiconductor device decreases and when an ultrasound wave at a low frequency 
of, for example, 20kHz is used for cleaning, the size of a bubble generated by acoustic cavitation approximates that 

40 of a pattern formed on a semiconductor device, bringing about such a potential adverse influence that a bubble enters 
a groove of the pattern on the semiconductor device and will not go out of the groove. Therefore, a high ultrasound 
frequency must be used but there arises a problem that acoustte cavitation effective for cleaning Is unapt to be generated 
at a higher frequency. The present invention can provide a cleaning apparatus which has higher cleaning capability 
than the conventional apparatus by generating acoustic cavitation effective for cleaning even at a high frequency of, 

45 especially, 500kHz or higher employing an ultrasonic irradiation method which induces highly efficient generation of 
acoustic cavitation which is a source of cleaning. The aforementioned collapse under pressure of a bubble due to 
acoustic cavitation leads to generation of a local region of high pressure and high temperature under a specified con- 
dition, but in the conventional ultrasonic cleaning apparatus, only the mechanical effects of the acoustic cavitation are 
notified and there is no example of a cleaning apparatus utilizing the chemical effects of the acoustic cavitation. The 

50 cleaning effect of ultrasound is classified into one based on mechanical effects and the other based on chemical effects. 
In ordinary ultrasonic cleaning at a low frequency, the mechanical effect is dominant. Gleaning with ammonia and 
hydrogen peroxide or hydrogen peroxide and sulfuric acid in the process of semiconductor devtees includes a chemical 
process of oxidizing the surface of a semiconductor device or a substance deposited on the surface of the semicon- 
ductor device. The present Invention enables sufficient cleaning effects In connection with such chemical cleaning. 

55 [0016] When an ultrasound is used for sterilization of liquid, the problem that the effect can be attained only near a 
generating source can be avoided In contrast to the case of ultraviolet rays. Also, since the composition of liquid is 
less changed by the treatment than In the case of using chlorine, liquid after sterilization can be used without being 
subjected to a post-treatment. While in the conventional ultrasonic Irradiation method acoustte cavitation inducing the 
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sufficient sterilization effect^{l)t be generated and consequently stehiization due tofRntrasound was hardly carried 
out, the present invention is also suitable for generating acoustic cavitation in a sterilizing apparatus having sufTicient 
sterilization effects in comparison with sterilization using chlorine or ultraviolet rays. 



5 BRIEF DESCRIPTION OF DRAWINGS 



[0017] Fig.1 is a diagram showing an example of a second hamionic superimposed wave. 
[0018] Fig.2A is a diagram showing a resultant superimposed wavefomi from a waveform p1 at the fundamental 
frequency. sin(27Cft), and a wavefonm p2 at the second harmonic frequency -sin(4jcft). 
10 [001 9] Fig.2B schematically shows the waveform p2 of the second hamionic and behavior of the generated bubbles 
are shown on upper and lower sides of that wavefomi. 

[0020] Fig.2C Is a diagram schematically showing the wavefomi p1 of the fundamental and behavior of bubbles 
which are generated on upper and lower sides of that wavefonn pi by the wavefomi p2 of the second harmonic wave 
and grow further. 

15 [0021] Flg.3 is a block diagram showing the configuration of an embodiment of an ultrasonic irradiation apparatus 
according to the present invention. 

[0022] Fig.4A is a top view showing an example of the configuration of an ultrasonic transducer unit In the embodiment 
of Flg.3. 

[0023] Fig.4B Is a side view showing the example of the configuration of the ultrasonic transducer unit in the embod- 
20 iment of Fig.3. 

[0024] Fig.5 Is a diagram showing another example of the configuration of the ultrasonic transducer unit in the em- 
bodiment of Flg.3. 

[0025] Flg.6 is a diagram showing experimental results of a sono-chemlcal reaction due to the second harmonic 
superimposed wave. 

25 [0026] Fig.7 is a block diagram showing the configuration of another embodiment of the ultrasonic irradiation appa- 
ratus according to the present invention. 

[0027] Fig.8 is a sectional view showing the configuration of a piezoelectric thickness mode vibrator element of an 

ultrasonic transducer unit in the embodiment of Fig7. 

[0028] Flg.9 is a diagram showing an example of a rectangular drive wavefonn for the piezoelectric thickness mode 
30 vibrator element of Fig.8. 

[0029] Fig.10 is a diagram showing an example of a stepped drive wavefonm for the piezoelectric thickness mode 
vibrator element of Flg.8. 

[0030] Fig. 11 is a diagram showing the configuration of the peripheral circuit a piezoelectric vibrator element of ul- 
trasonic transducer unit in the embodiment of Fig.7. 
55 [0031] Fig.12 is a diagram showing an example of the configuration of the circuit to drive a piezoelectric vibrator 
element of the ultrasonic transducer unit in the embodiment of Fig.7. 

[0032] Fig. 1 3 is a diagram showing an example of a push-pull type switching circuit constituting the circuit to drive 
piezoelectric vibrator element of the ultrasonk: transducer unit in the embodiment of Fig.7. 

[0033] Fig. 1 4A is a top view showing the configuration of an example of the ultrasonic transducer unit in the embod- 
40 iment of Fig.7, 

[0034] Fig. 1 4B is a side view showing the configuration of the example of the ultrasonic transducer unit In the em- 
bodiment of Fig.7. 

[0035] Fig.1 5 is a diagram showing another example of the configuration of the ultrasonic transducer unit in the 
embodiment of Fig,7. 

45 [0036] Fig. 16 is a diagram showing another example of the circuit to drive a piezoelectric vibrator element of the 
ultrasonic transducer in the embodiment of Fig.7. 

[0037] Fig. 1 7 is a time chart for stepped wavefomi driving the piezoelectric thickness mode transducer of ng.8. 
[0038] Fig. 1 8 is a sectional view of an example of a single focus manual scanning type transducer adoptable in the 
present invention. 

50 [0039] Fig. 1 9 is a sectional view of a comparative example of a non-focus type plane wave transducer, which is not 
part of the present invention. 

[0040] Fig.20 Is a sectional view of an example of a stylus transducerfor pricking adoptable in the present invention. 
[0041] Fig.21 is a diagram showing an example of the configuration of an intraoperative therapeutic ultrasound trans- 
ducer according to the present invention. 
55 [0042] Fig.22 is a diagram showing another example of the configuration of the intraoperative therapeutfc ultrasound 
transducer according to the present invention. 

[0043] Fig.23 is a diagram showing an example of the configuration of a reactor of an ultrasonic chemical reaction 
apparatus according to the present invention. 
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[0044] Fig.24 is a diagrJ^^wing another example of the reactor of the ultrasJB^emical reaction apparatus 
according to the present invention. 

[0045] Fig.25 is a diagram showing an example of the configuration of an ultrasonic cleaning apparatus according 
to the present invention. 

5 [0046] Fig.26 is a diagram showing another example of the configuration of the ultrasonic cleaning apparatus ac- 
cording to the present invention. 

[0047] Fig.27 is a diagram showing still another example of the configuration of the ultrasonic cleaning apparatus 
according to the present invention. 

[0048] Fig.28 is a diagram showing experimental results of oxidation induced by ultrasonic irradiation while changing 
10 the phase relation between the fundamental and the second hannonic wave which are superimposed to each other. 
[0049] Fig.29 is a diagram showing an example of the configuration of a sterilizing apparatus according to the present 
invention. 

[0050] Fig.30 is a diagram showing another example of the configuration of the sterilizing apparatus according to 
the present invention. 
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BEST IVIODE FOR CARRYING OUT THE INVENTION 



[0051] It has been known that when a sinusoidal ultrasound with a relatively high Intensity propagates in a medium 
such as a living body or a liquid, its pressure wavefomri changes from a sine wave to a so-called N-wave (a wave in 

20 which the rise of pressure is more rapid than the fall of pressure) as the propagation proceeds. This is due to such a 
non-linear property of the medium that as the pressure in the medium increases, the acoustic speed increases, and 
in the case of a pulsed ultrasound, it has been known that the pressure wavefonn changes to a wavefonn having a 
larger positive peak pressure than a negative peak pressure as the propagation proceeds. On the other hand, it has 
been known that acoustic cavitation is unlikely to be generated in an acoustic field called a transmission mode or a 

25 propagation mode In which any high-intensity reflectors do not exist but is likely to be generated In an ultrasonic acoustic 
field in which high-intensity reflectors exist. The above can be explained by considering that the wave in which the fall 
of pressure generated by propagation of an ultrasound is more gradual than the rise of pressure or the negative peak 
pressure is smaller than the positive peak pressure are disadvantageous to the generation of acoustic cavitation but 
the wavefomi becomes advantageous to the generation of acoustic cavitation when phase inversion by a reflector 

30 takes place, 

[0052] Based on the above consideration, the present invention proposes that an ultrasound considered to be gen- 
erated as a result of phase inversion In the above case and having a wavefonm advantageous to the acoustic cavitation 
generation can be obtained through synthesis without resort to any reflectors by causing an ultrasound of a fundamental 
frequency to be added with an ultrasound having a frequency which is twice the fundamental frequency at an object 
55 to be in^adiated. More particulariy, as shown in, for example, Fig,1, by adding to an ultrasound pi of a fundamental 
frequency an ultrasound p2 having a frequency which is twice the fundamental frequency in a suitable phase relation- 
ship, an ultrasound pi + p2 which has a waveform advantageous to the generation of acoustic cavitation and having 
a larger negative pressure peak than a positive pressure peak can be synthesized. 

[0053] A wave transmitter may be so configured that the fundamental wave pi and the second hamrionic wave p2 
40 are generated simultaneously from the same wave transmitter element or altematively they are generated from sep- 
arate wave transmitter elements and are synthesized at substantially the same focal point. A first embodiment proposes 
that an array type wave transmitter Is used whrch is so configured that a fundamental wave pi and a second harmonic 
wave p2, which are able to generate acoustic cavitation in the region more limited to the vicinity of a focal point, are 
generated from a plurality of wave transmitter elements, respectively, whereby the focal point of the fundamental wave 
45 pi and a focal point of the second hamionic wave p2 are superimposed to each other while they are electronically 
scanned simultaneously. 

[0054] This embodiment also proposes that In order to allow a position of the acoustic cavitation generation be 
supervised in the form of a position in an ultrasonic echo image, an ultrasonic echo image of an irradiated object Is 
formed simultaneously by transmitting and receiving a pulse wave of a higher frequency than the second hamionic 
so wave. 

[0055] A second embodiment proposes an example in which simultaneous generation of the fundamental frequency 
wave pi and second hamionic wave p2 from the same wave transmitter element is contrived, 
[0056] Another embodiment proposes effective utilization of the aforementioned acoustic cavitation generation in 
such a chemical process as oxidizing the surface of a semiconductor device or substances deposited on the surface 
55 of a semiconductor device, for example, cleaning using ammonia and hydrogen peroxide or hydrogen peroxide and 
sulfuric acid in the process of semiconductor device production. 
[0057] Another embodiment proposes an application to sterilization of liquid. 

[0058] A concrete example of the synthesis of an ultrasound of fundamental wave pi and an ultrasound of second 
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erate acoustic cavitation efficiently at an irradiated ^j^t i 



harmonic wave p2 wliich ci^pherate acoustic cavitation efficiently at an irradiated cS/Kx in these embodiments will 
first be explained. 

[0059] Figs.2A and 2B show an acoustic pressure waveform obtained when the phase relation is set such that an 
ultrasound fomi p1 of fundamental frequency f is represented by sin(27tft) with respect to time t and a second hannonic 

5 wavefomi p2 is approximated by -sin (4itft), demonstrating an example in which the fall of a synthesized acoustic 
pressure is steeper than the rise thereof to act on the generation of acoustic cavitation very advantageously. Taking 
this case as an example, the generation and function of acoustic cavitation will be described with the aid of diagrams. 
[0060] Flg.2A Is a diagram showing a wavefonn resulting from synthesis of the fundamental frequency wavefomi p1 
of sin(27[ft) and the second harmonic wavefonm p2 of -sin(47cft). Fig.2B diagrammatically shows the second hamionic 

10 waveform p2 and behavior of bubbles which are generated and grow on the upper and lower sides of the wavefonn 
p2. Fig.2C diagrammatically shows the fundamental wavefonn p1 and behavior of the bubbles, generated and caused 
to grow by the second harmonic wavefomi p2, which further grow on the upper and lower sides of the wavefonn pi . 
[0061] Firstly, the generation of acoustic cavitation is started by the second hamionic wave p2 (= -sin (47cft)). Since 
the radius of a resonant bubble due to the second harmonic wave is small amounting to a half of the radius of a resonant 

15 bubble due to the fundamental wave pi (=sin(27[ft)), the initiation of acoustic cavitation effected using the second 
hamionic wave is significantly advantageous over that effected using only the fundamental wave pi . In that case, the 
radius of a cavitation bubble vibrates at the period of the second hamionic wave but in the initial phase of the generation 
of bubble, the bubble radius is smaller than the resonant bubble radius and has a maximum (for example. b1) at a 
negative pressure peak of the second hamionic wave and a minimum (for example, b2) at a positive pressure peak 

^ as shown at an upper part in Fig.2B. In other words, enlargement and reduction are repeated within a size range of 
from b2 to b1 . 

[0062] When cavitation bubbles grow by receiving energy of the second hamionic wave p2 and the radius of a 
cavitation bubble reaches to approximate the radius of a resonant bubble due to the second hamionic wave, the phase 
of vibration of the bubble radius Is delayed by 90"* and the bubble radius has a maximum (for example, b3) at a zero- 
25 cross point from negative pressure to positive pressure. A bubble corresponding to positive pressure (for example, b4) 
remains essentially identical to a bubble in the phase of non-resonance. 

[0063] In this case, with the superimposition of the fundamental wave p1 effected In the above-described phase 
relation, the timings for maximizing the vibrator element radius coincide with a timing of a negative pressure peak of 
the fundamental wave once every two periods (for example, c1) and as a result, the cavitation bubble further grows 
30 by receiving energy of the fundamental wave, reaching at least the size (for example, c2) of a resonant bubble due to 
the fundamental wave. Even in the fundamental wave, a bubble corresponding to positive pressure remains essentially 
Identical to a bubble corresponding to positive pressure in the Initial phase in the second hannonic wave (for example, 
c3 and c4) regardless of the resonance and non-resonance phases. 

[0064] When a grown bubble collapses under pressure, an internal gas is adiabatically compressed to generate 
energy locally. In order for the energy to be sufficient for the purpose of triggering a chemteal reaction, the bubble 
subject to collapse under pressure must be at least larger than a certain size. By selecting the fundamental frequency 
which is somewhat low, the size of a resonant bubble at the fundamental frequency can be set to the necessary size 
or larger. In the case where the fundamental frequency alone is irradiated, however, there arises a problem that the 
cavitation generation cannot be started successfully if the resonant bubble due to the fundamental wave is too large. 
40 Contrarily, by effecting the superimposition of the second harmonic wave in the suitable phase relation by using the 
method of the present invention, each of the Initiation of the cavitation generation and the growth of the cavitation 
bubble to a sufficient size can be accomplished efficiently through the cooperation of the second hannonic wave with 
the fundamental wave. 

[0065] In addition, when an ultrasonic imaging unit is used whteh transmits/receives a pulse wave of a frequency 
4s higher than that of the second hamionic wave to form an ultrasonic echo Image of an irradiated object, monitoring with 
self-matching capability due to wave motion having a speed essentially equal to that of the ultrasound which exerts 
acoustic cavitation on an in^adiated object will be possible and therefore monitoring relatively immune to the influence 
of a acoustic speed distribution of an intermediate medium can be realized. Further, by configuring the ultrasonic 
imaging unit to enable it to receive a frequency component of an even multiple of the second harmonrc ultrasound 
so which exerts acoustic cavitation on an irradiated object, a position where an acoustic cavitation is generated or a 
position where acoustic cavitation will be generated with high possibility can be displayed while being superimposed 
on an ultrasonic echo Image. 

[0066] The first embodiment of the present invention will now be described In greater detai I with reference to Fig .3 to 6 . 
[0067] The overall configuration of an embodiment of an ultrasonic Irradiation apparatus according to the present 
55 invention having the function of monitoring the position where acoustic cavitation is generated is shown in Fig.3 and 
the configuration of an ultrasonic transducer unit is shown in Figs.4A and 4B and Fig.5. 

[0068] Information concerning the ultrasonic irradiation therapeutic strategy is input from key Input means 31 to an 
Irradiation unit main control circuit 20 and on the basis of the information, irradiation focus/code signals for defining 
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idamentai wave and a second harmonic wave as 



focus positions/acoustic 



pressure distribution forms of the respective waves are applied from the Irradiation unit main control circuit 20 to a 
drive phase generating circuit I (1 1 ) and a drive phase generating circuit II (1 2), respectively. Phases for drive of trans- 
ducer elements for in-adiating the generated fundamental wave and second hanmonic wave are applied to drive signal 

5 generating circuits 7-1 to 7-N (N being the total number of ones of transducer independent elements which are used 
forthefundamental wave) and drive signal generating circuits 8-1 to 8-M (M being the total number of ones of transducer 
Independent elements which are used for the second hanmonic wave), respectively. Drive amplitudes of the funda- 
mental wave and the second harmonic wave are applied from the irradiation unit main control circuit 20 to the drive 
signal generating circuits 7-1 to 7-N and 8-1 to 8-M, respectively. Drive signals for the generated fundamental wave 

10 and the second harmonic wave are applied to element drive circuits 3-1 to 3-N and 4-1 to 4-M, respectively, to drive a 
group of irradiation transducer elements of fundamental wave 1 -1 to 1 -N and a group of in^adiation transducer elements 
of second hannonic wave 2-1 to 2-M, respectively. The drive amplitudes can also be controlled by signals supplied 
from the irradiation unit main control circuit 20 directly to the element drive circuits 3-1 to 3-N and 4-1 to 4-M, thereby 
ensuring steady and easy operation of emergency stop of ultrasonic in-adiation upon occurrence of abnomiality. 

15 [0069] An irradiation transducer composed of the group of fundamental wave elements 1 -1 to 1 -N and the group of 
second harmonic wave elements 2-1 to 2-M acts also as a receiving transducer for detection of cavitation generated 
in an irradiated object. Signals received by the respective elements are removed of components of the irradiation signal 
band by means of band-reject filters 5-1 to 5-N and 6-1 to 6-M. then led to receiving amplifiers 9-1 to 9-N and 10-1 to 
10-M, respectively, so as to be amplified thereby, and applied to a receiving focus circuit I (13) and a receiving focus 

20 circuit tl (14), respectively. Since an output port of each of the fundamental wave drive circuits, 3-1 to 3-N, and an 
output port of each of the second hamnonic wave drive circuits, 4-1 to 4-M, contain a series inductance which resonates 
with the sum of an element capacitance and a cable capacitance at the fundamental frequency, f^,, or the second 
harmonic, 2fo, the output impedance of the drive circuit will not act as a shunt at frequencies detuned from the respective 
fo 2f<j to interfer the receiving sensitivity. 

25 [0070] The receiving amplifiers, 9-1 to 9-N and 10-1 to 10-M, are of variable gain and their gains are controlled by 
signals directly supplied from the irradiation unit main control circuit 20, During a time zone in which many unwanted 
signal components are generated off the inadiation ultrasonic center frequency, for example, during switching the 
irradiation focus, the gains are downed to avoid saturation of the amplifiers. The respective receiving focus circuit I 
(13) and receiving focus circuit II (14) have parallel focus circuits for effecting focusing on a plurality of focal points 

30 arranged in an irradiation focusing region at a spacing corresponding to spatial resolution of the receiving system, 
whereby they detect the generation and the generated positions of ultrasound components radiated by cavitation: 
subharmonic components having frequencies fj/2 and f^/S, harmonic components having frequencies 4fo, Sfg and 8fo 
and hannonic components of subhanmonic components having frequencies 3fo/2, SiJ2 and 7f^, etc. Signals indicative 
of cavitation generation positions and generation intensity are applied to a display circuit 30. Here, if parallel processing 

35 focus circuits which are smaller In number than the aforementioned focal points are used to scan the Individual focal 
points, reduction of costs of the receiving focus circuit I (13) and receiving focus circuit II (14) can also be accomplished. 
[0071] In the Figure, 21 designates an an-ay type transmitter/receiver probe dedicated to ultrasonic imaging and 22 
designates a rotating mechanism for rotating the probe around an axis vertical to the probe surface, thus providing the 
configuration in which a plurality of ultrasonic pulse echo tomographic images necessary for positioning an in-adiated 

40 object can be obtained. Respective elements of the probe 22 are connected to a transmission control circuit 23 and a 
receiving focus circuit 25 through a transmitting/receiving amplifier 24. The display circuit 30 Is configured so that 
signals indicative of cavitation generation positions and generation intensity which are detected by the receiving focus 
circuit 1(13) and receiving focus circuit 11(14) are displayed while being superimposed on an obtained echo tomographic 
image. 

45 [0072] In order to obtain good image resolution, the ultrasonic frequency band of the probe 21 is set to be 41^ or 
higher. Structurally, harmonic components of, for example, frequencies Af^, Gf^ and Sf^ and hamionic components of 
subhanmonic components of, for example, 9tJ2 which are radiated by cavitation may be detected by the probe 21 
rather than the group of elements 1 -1 to 1 -N and group of elements 2-1 to 2-M. Further, when the drive phase generating 
circuit I (11), drive phase generating circuit II (12) and drive signal generating circuits 7-1 to 7-N and 8-1 to 8-M are 

50 controlled by the Irradiation unit main control circuit 20. pulse ultrasonic waves can be transmitted in synchronism with 
the transmission of imaging ultrasonic pulses by the an-ay type transmitter/receiver probe 21 dedicated to ultrasonic 
imaging and focus positions of high-intensity ultrasonic waves for cavitation generation obtained through transmission 
by means of the elements 1-1 to 1-N and 2-1 to 2-M and reception by means of the probe 21 can be displayed while 
being superimposed on an echo tomographic image obtained through transmission and reception by means of the 

55 probe 21 . 

[0073] Since the efficiency of cavitation generation depends on the relative phase relation between the fundamental 
wave and the second harmonic wave, more highly efficient cavitation generation can be realized by controlling the 
drive signal generating circuits 7-1 to 7-N and 8-1 to 8-N such that the Intensity of hamionic components and harmonic 
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components of subhaimorl^j^ponents which are radiated by cavitation is maxifln and so the relative phase 
relation Is optimized. When the optimization according to the Intensity of the harmonic components or the hamionic 
components of subharmonic components is difficult to achieve or when this function is desired to be omitted, there is 
also available a method for realizing highly efficient cavitation generation during at least more than a certain fraction 

5 of time by perfomilng irradiation wh lie shifting the relative phase relation by k/8 to ic/4 in respect of the second hanDonic 
wave. Not only when the optimum relative phase relation is searched but also when the relative phase relation is shifted 
In accordance with a predetermined value, it is necessary to cause Irradiation to continue for a constant time required 
for cavitation generation (typically, about 0.1 msec) or longer in one relative phase relation. 
[0074] When observation of an ultrasonic irradiated object portion based on an echo tomographic image teaches 

10 that motion due to breathing of the object portion cannot be neglected and does matter, the irradiation focus is so 
controlled as to move in compliance with the motion of the object portion on the basis of a signal applied from the 
receiving focus circuit 25 to the irradiation unit main control circuit 20. When the motion of the object portion is so large 
that it exceeds the pemriissible range of in^diation focus or when tracking is difficult to achieve, the ultrasonic irradiation 
timing is controlled such that it is synchronized with breathing and ultrasonic in-adiation is carried out within only a 

15 predetermined range of breathing timing, on the basis of a signal applied from a breathing detector 32 to the irradiation 
unit main control circuit 20. 

[0075] Also, the efficient acoustic cavitation generating method of the present invention can be applied to improve 
drawing power possessed by the present embodiment practiced as an ultrasonic diagnostic apparatus. More particu- 
larly, by carrying out two-frequency superimposed ultrasound in-adiation at relatively small intensity by using the group 
20 of elements 1 -1 to 1 -N and the group of elements 2-1 to 2-M and generating acoustic cavitation efficiently in an object 
imaged based on an ultrasonic pulse echo method using the probe 21 to emphasize an echo characteristic of the 
Imaged object such as blood flow, a blood flow in a minute blood vessel or a low-speed blood flow can be imaged 
which can hardly be imaged even through the Doppler method when the ultrasonic pulse echo method using the probe 
21 is employed alone. 

25 [0076] Next, the ultrasonic transducer unit of the present embodiment will bedescribedin greater detail with reference 
to Figs.4A, 4B and 5. As an example, Rgs.4A and 4B show an array-type high-intensity ultrasonic transducer of 16 
sectors x 2 tracks composed of groups of ultrasonic elements 1 -1 to 1 -N and 2-1 to 2-M. Fig.4A is a diagram showing 
the state of the transducer as seen from below and each group of elements associated with part of peripheral circuits, 
and Fig.4B is a diagram showing a sectional structure of the transducer. 

30 [0077] This focusing type high-Intensity ultrasonic transducer has a geometrical focus so that it may be allowed to 
scan focal points by means of a necessarily minimum number of elements N + M. In the present embodiment, the 
geometrical focus can be given by disposing groups of ultrasonic elements 1-1 to 1-N and 2-1 to 2-M on a spherical 
shell 33 made of light metal. The spherical shell 33 made of light metal, containing as a main constituent magnesium 
or aluminum, has an ultrasonic in-adiating surface side which is a concave surface fonning part of a sphere having its 

35 center at a geometrteal focal point F and has a back side which has a polyhedral fomri polished to allow ultrasonte 
elements of piezoelectric ceramic to be bonded thereto. Thanks to high thennal conductivity, the spherical shell 33 of 
light metal is effective to cool piezoelectric elements during high-Intensity ultrasonic irradiation and also acts as an 
ground electrode of each piezoelectric element. The shell also fonns part of a transducer housing and it Is provided 
with a conduit 33 of cooling fluid for depriving heat generated during high-intensity ultrasonic irradiation and mounted 

40 with a water bag 35 containing degassed water which makes easy acoustic coupling to the surface of the body. Since 
the light alloy, containing as a main constituent magnesium or aluminum, has an acoustic impedance which Is inter- 
mediate between those of the piezoelectric ceramic and degassed water for coupling, the shell 33 serves also as an 
acoustic matching material between the two. 

[0078] In the present embodiment, the thickness of the spherical shell 33 is so selected as to be a half wavelength 
45 of the fundamental wave or one wavelength of the second hamionk: wave but the thickness may be changed for the 
part of the fundamental wave elements 1-1 to 1-N and the part of the second hannonic wave elements 2-1 to 2-M to 
take a value of 1/4 wavelength of each of the frequencies, thereby Improving transmitting/receiving characteristics of 
the pulse-like ultrasound. 

[0079] Accommodated in a circular hole fomried In a central portion of the anBy shown In Figs.4A and 48 is a pulse 
50 echo transmitter/receiver probe 21 dedicated to ultrasonic Imaging. The basic structure of the probe 21 is identical to 
that of a sector scanning type array probe used in the ultrasonic diagnostic apparatus and in the present embodiment, 
Its central frequency is set to be twice the resonance frequency of the second harmonic wave elements 2-1 to 2-M, In 
order to enable a single one-dimensional array probe to image a plurality of tomogram planes, the probe 21 is rotatable 
relative to the transducer housing 33 and is rotated about the central axis of the transducer by means of the rotating 
55 mechanism 22. 

[0080] In the present embodiment, the transducer has a geometrical focal length of about 12 cm, an array outer 
diameter of about 12cm, an Inner diameter of about 4 cm and a diameter of about 8 cm of a circle for sectioning two 
tracks. Since the outer track for generating the fundamental wave has a diameter whfch is about twice the diameter of 
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the inner track for generatini 




;econd hamnonic wave, the diameter of a fundameni 



re spot substantially equals 



that of a second harmonic wave spot on the focal plane and the generation of cavitation based on the synergistic effect 
of the two frequencies can be carried out effectively. 

[0081] When for the 12 cm array outer size the inner diameter is set to 3 cm and the diameter of the circle sectioning 
5 the two tracks is set to 6 cm, the outer track and the inner track are almost exactly analogous to each other In temis 
of the ratio between wavelengths and therefore a peak acoustic pressure distribution of the second hamnonic wave 
approximately equals that of the fundamental wave on the focal plane. 

[0082] With the present configuration, the fundamental wave and the second hamrionic wave are irradiated simulta- 
neously on only the vicinity of the focal point and therefore by setting the focal point in an irradiated object, cavitation 

10 can efficiently be generated locally only in the vicinity of the focal point. 

[0083] Fig.5 shows an example in which a rectangular an'ay is used as the ultrasonic transducer unit in the present 
embodiment. In the Figure, parts having the same function and the same name as parts in Figs.4A and 4B are desig- 
nated by Identical numerals. An ultrasonic transducer fonned of a rectangular piezoelectric ceramic having a minor 
side of 4 cm and a major side of 1 6 cm is divided into 2N + M elements and 2N elements on opposite ends of the minor 

15 side are electrically connected togetherto form an array transducer consisting of N electrically independentfundamental 
wave generating elements 1 -1 to 1 -N and M electrically Independent second hamnonic wave generating elements 2-1 
to 2-M . An in'adiation surface side of an acoustic matching layer 33 made of a light alloy, containing as a main constituent 
magnesium or aluminum, forms part of a cylindrical surface and its concaved portion is filled with an acoustic filler 
made of a polymer material which exhibits a acoustic speed comparable to or slower than that of water and which has 

20 the surface so fonmed as to be flat or convex, so that the transducer as a whole fomis geometrical foci on a line segment 
FF". 

[0084] The ultrasonic transducer according to an embodiment of Fig.5 has a basic structure which functions also as 
a linear scanning type or sector scanning type an^ay probe used in the ultrasonic diagnostic apparatus. Accordingly, 
by using part of the basic structure shown in Rg.3 which Is removed of the probe 21 dedicated to ultrasonic Imaging 

25 and its rotating mechanism 22, the transmission control circuit 23, the transmitting/receiving amplifier 24 and the re- 
ceiving focus circuit 25, an ultrasonic pulse echo tomographic image necessary for positioning an irradiated object can 
be obtained. But, like the ordinary linear scanning type or sector scanning type probe, this transducer can Image only 
a tomogram plane which extends in a direction parallel to the major side. Since the fundamental wave generating 
elements electrically connected in common have a width In the minor side direction which is set to be about twice a 

30 width in the minor side direction (a direction orthogonal to the array arrangement direction) of the second harmonic 
wave generating element, a fundamental wave spot and a second harmonk: wave spot expand substantially equally 
In the minor side direction on the focal plane and the generation of cavitation due to the synergistic effect of the two 
frequencies can be carried out efficiently. In the case of the present configuration, too, the fundamental wave and the 
second hamnonic wave are synthesized in a medium and the two-frequency waves are irradiated simultaneously on 

35 only the vicinity of the focal point and therefore, by setting a focal point on an irradiated object, cavitation can efficiently 
be generated locally only in the vicinity of the focal point. In an application of sono-chemical reactions induced by the 
cavitation to the therapeutic purposes, this leads to an advantage that the possibility of producing side effects at a 
portion frontally or backwardly away from an irradiated object can be substantially eliminated. 
[0085] Referring to Fig.6, an example will be described in which by irradiating ultrasonic waves by means of the 

40 ultrasonic in'adiation apparatus comprised of the ultrasonic transducer of Figs.4A and 48 and having the overall con- 
figuration of Fig.3, a sono-chemical effects are practically generated with efficiency in an aqueous solution. An exper- 
iment was conducted for a sono-chemteal reaction In which molecular iodine was released from iodide ions by oxidation. 
An aqueous solution of potassium iodide added with chloral hydrate was poured in a test tube made of polystyrene 
(having higher transparency for ultrasound than glass), placed at the focal point of the focusing type ultrasonic trans- 

45 ducer and irradiated with ultrasound. Concentration of released iodine was detemnined by absort>ance and the rate of 
the sono-chemical reaction was determined from the absoitance. 

[0086] In Fig.6, the sono-chemical reaction rate obtained when a fundamental wave of 750 kHz and a second har- 
monic wave of 1 .5 MHz are irradiated simultaneously while the sum of power levels of the two waves being kept to be 
constant are plotted In relation to the ratio of fundamental wave power to total ultrasonic power. In that case, the sum 

50 of the fundamental frequency ultrasonic wave intensity and second harmonic ultrasound intensity was about 30 W/ 
cm2 in the vicinity of the focal point. While the sono-chemical reaction rate for the fundamental wave or second harmonic 
wave alone was zero within the experimental en^or range, the synergistic effect obtained by the simultaneous irradiation 
of the two waves was remaricable, and especially, high sono-chemical reaction rate was obtained at a ratio of the 
fundamental wave power to the total ultrasonic power whk:h was between 0.2 and 0.8 (fundamental waveisecond 

55 harmonic wave between 1 :4 and 4:1). 

[0087] Referring now to Figs.7 to 20, an embodiment will be described in greater detail wherein wave transmitter 
elements used for transmission/reception of the fundamental wave are Identical to those used for transmission/recep- 
tion of the second harmonic wave. 
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[0088] To describe a trai 




fr element, it is formed of a piezoeiectric material ai 



laterial having an acoustic 



impedance equal to that of the piezoelectric material and its total thickness Is set to correspond to a half wavelength 
of the fundamental wave so that not the total thickness but a partial thickness region may be driven piezoelectrically, 
thereby making the transmitter element active at both the fundamental frequency and the second hamrionic whrch is 
5 twice the fundamental frequency. This expedient is for avoiding such inconvenience that the wave transmitter element 
becomes piezoelectrically inactive at frequencies of even multiples of the fundamental resonance frequency if the 
thickness as a whole is driven piezoelectrically as in the ordinary piezoelectric element. 

[0089] Also, the drive circuit to be operated as usual with a drive wavefomi in the fomn of a sine wave or a rectangular 
wave having good symmetry is unsuitable to generate ultrasonic waves of frequencies of even multiples from the 

10 piezoelectric vibrator element because the drive wavefonn does not contain frequencies of even multiples of the fun- 
damental frequency and therefore it is necessary to contrive a drive circuit which is operated with a drive waveform in 
the form of a wavefonn containing intended frequency components. A first expedient is such that when a rectangular 
wave is used as the drive waveform, the ratio between times for the rectangular wave to stay at high and low two 
potential levels is not set to be 1 :1 in the usual case but is set to be asymmetrical. A second expedient concerning the 

>5 drive circuit is such that in place of a rectangular wave, a sawtooth wave or a stepped wave simulating the sawtooth 
wave is used as the drive wavefomn. A third expedient concerning the drive circuit is such that a capacitor and an 
inductance are added to the piezoelectric vibrator element to fomn a resonance circuit which resonates at both the 
fundamental frequency and the second hamrionic and this resonance circuit is driven by a circuit driven at the funda- 
mental frequency and by a circuit driven at the second harmonic. 

20 [0090] In connection with a piezoelectric thickness vibrator element fomried of a piezoelectric material and a material 
having an acoustic Impedance equal to that of the piezoelectrte material and having a thickness of a half wavelength 
of the fundamental wave, a structure as shown in Flg.8 is considered wherein a region corresponding to an acoustic 
thickness (a thickness corrected for non-unifomriity when the vibrator element is not uniform for the sound speed of 
the resonance mode in question) of a measured from an end is driven piezoelectrically. Of the piezoelectrk: structure, 

25 a portion 71 driven piezoelectrically and a portion 72 not driven piezoelectrically are united acoustically by sintering or 
by means of a high-intensity bonding agent. In an example of Fig.8, an electric field is applied across an electrode 74 
covering the portion 72 and an electrode 73. The portion 72 covered with the electrode 74 stands for the portion which 
is not driven piezoelectrically. 

[0091] Electromechanical conversion efficiencies eo and exhibited by this piezoelectric vibrator element at the 
30 fundamental frequency and the second hannonic are expressed by 



where E is a constant detemiined by the material and the like. The usual structure In which the whole thickness Is 
driven piezoelectrically corresponds to the case of a = 1 and in this case, from (Equation 1) and (Equation 2), Cq = E 
and = 0 stand, indicating that while the fundamental wave can be converted, the second hamionic wave cannot be 
converted. The reason Is because under the resonance state at the second hanmonic, when a half of the thickness is 
distorted In the compression direction, the remaining half Is required to be distorted in the expansion direction but this 
structure Is allowed to be driven In only the mode In which the whole thickness is distorted uniformly in the compression 
direction or the expansion direction. Contrarily, for a = 2/3, to = = 9/1 6E is obtained from (Equation 1 ) and (Equation 
2), indicating that the fundamental wave and the second harmonic wave can both be converted with the same conver- 
sion efficiency. 

[0092] The drive waveform will now be described by referring first to the case of a rectangular wave. Power ^ and 
power of the fundamental frequency component and second hannonic component contained in a rectangular wave 
in which the ratio between times for the rectangular wave to stay at high and low two potential levels is p:(1 - P) are 



4 

= Esin {na/2) 



(1) 



35 



= Esin na 



(2) 



50 



expressed by 



;o=Fsin^ up 



(3) 



55 



Ci =(F/4)sin^7ip 



(4) 
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50 



55 



3^^^ by a difference between the high and low two potei^^^ 



where F Is a constant dete^^Q by a difference between the high and low two poten^Pevels, that is, the amplitude 
or the like. The usual rectangular wave having good symmetry corresponds to the case of p = 1/2 but In this case, from 
(Equation 3) and (Equation 4), Q)= F and Ci = 0 stand, indicating that the fundamental frequency component Is contained 
but the second hamionic component is not contained. Contrarily, for p = 1/4, from (Equation 3) and (Equation 4), ^ = 

5 F/2 and = F/4 stand, indicating that a drive wavefonm containing both the fundamental frequency component and 
the second hamionic component can be obtained. At that time, the magnitude of ^, is maximized. 
[0093] Next, the case where a sawtooth wave or a stepped wave simulating the sawtooth is used as the drive wave- 
fonn will be described. Since it is well known that the sawtooth wave has frequency components of even multiples of 
the fundamental frequency, the stepped wave simulating the sawtooth wave will be described herein in greater detail. 

10 Power and power ii., of the fundamental frequency component and second hamionic component contained in a 
stepped wave as shown in Fig. 10 in which the ratio between times for the stepped wave to stay at either one of high 
and low two potential levels and an intermediate potential level is y:(1 - Y) expressed by 

IS Tlo = Gsin'^(ny/2) (5) 

Ti^ = (GJA)sm^ ny (6) 

where G is a constant determined by a difference between the high and low two potential levels, that is, the amplitude 
and the like. The usual rectangular wave having good symmetry con-esponds to the case of y= 1 but in this case, from 
(Equation 5) and (Equation 6), tiq = G and t]^ = 0 stand, indicating that the fundamental frequency component is 
contained but the second hannonlc component is not contained. Contrarily, for y= 1/2, ^ = is obtained from (Equation 
3) and (Equation 4), indicating that a drive wavefomn containing the fundamental frequency component and the second 
harmonic component equally can be obtained. 

[0094] As shown in Fig.11, when a circuit, in which a capacitor is connected in parallel with a piezoelectric vibrator 
element to provide a total capacitance C (43) and besides Inductances L (44) and \lL (45) and a capacitance C (46) 
are added, can be assumed to have temiinals 41 and 42 connected to a drive circuit having a sufficiently low output 
impedance, electrical impedances Z1 and 22 as viewed from the temiinals 41 and 42 can be expressed by 

30 

Zi = D/(1 + v - \iV0)^ CL) (7) 

35 22 = D/v/(1 - CL) (8) 

where on represents angular velocity and 

40 D = [1 -(1+v + Hv)a)^CL+^v<o'*C^L2]/ia)C (9) 

stands when j represents Imaginary unit. For ji = 16/9 and v = 9/25, from the above Equations, 

45 2^ =D7(17/8-(<o^CL) (10) 

22 = DV[9/16(1 -(o^CL)] (11) 



D' = (5/8 - (D^CL)(5/2 - (o^CL) (1 2) 

are obtained. At that time, on the basis of (Equation 12), 2^ and Z2 are both minimized when co^CL = 5/8 or 5/2. In 
other words, a circuit can be obtained which Is characteristic of resonating at two frequencies being at a ratio of 1 :2. 
On the basis of (Equation 11). 2^ and Z2 are maximized at co^CL = 1 7/8 and 1 , respectively, and therefore It is advan- 
tageous to construct the circuit such that the temiinals 41 and 42 are driven at the fundamental frequency and the 
second harmonic, respectively. 
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[0095] The overall confi n of an embodiment of an ultrasonic irradiation applMus according to the present 
invention using the wave transmitter element contrived as above and having a function monitoring the acoustic cavi- 
tation generating position is shown in Fig.7, the configuration of element drive circuit unit is shown in Flgs.12 and 13, 
and the configuration of ultrasonic transducer unit is shown in Figs.14A and 14B. 

5 [0096] This embodiment Is identical to the embodiment of Fig.3 with the exception that the wave transmitting element 
Is used in common to the fundamental wave and the second hannonic wave. Infonnation concerning ultrasonic irradi- 
ation therapeutic strategy is input from key input means 31 to an irradiation unit main control circuit 20 and on the basis 
of the information, irradiation focus/code signals for defining focus positions/acoustic pressure distribution fomis are 
applied from the irradiation unit main control circuit 20 to a drive phase generating circuit 1 1 . Phases for drive of trans- 

10 ducer elements for Irradiating the generated fundamental wave and second harmonic wave are applied to drive signal 
generating circuits 7-1 to 7-N (N being the total number of transducer independent elements), respectively. Control 
signals for drive amplitudes of the fundamental wave and the second hannonic wave are supplied from the irradiation 
unit main control circuit 20 to the drive signal generating circuits 7-1 to 7-N. Generated drive signals are supplied to 
element drive circuits. 3-1 to3-N,todrivea group of transducer elements, 1-1 to 1-N, for Irradiation. The drive amplitudes 

15 can also be controlled by signals applied from the irradiation unit control circuit 20 directly to the element drive circuits 
3-1 to 3-N, thereby ensuring steady and easy operation of emergency stop of ultrasonic Irradiation upon occurrence 
of abnormality. 

[0097] Fig. 12 shows the configuration of a circuit of one element of the element drive circuits, 3-1 to 3-N, and Fig. 
13 shows the configuration of a push-pull type switching circuit, fonning a part of the circuit shown in Fig. 12. Output 
20 ports of a fundamental wave driver 47 and a second hannonic wave driver circuit 48 are connected to each element 
through a circuit which has the basic configuration of Fig. 11 and which resonates at the fundamental frequency f^ and 
the second hannonic 2fo. In the Figure, capacitance C and inductance L set up a combination which resonates at the 
fundamental frequency f^. In other words, 



25 



(27tf/CL=1 (13) 



stands. 

[0098] A switching circuit in Fig. 1 3 is so configured that the connections of a constant potential source 49 on the low 
30 potential side (In this case, earth potential) and a constant potential source 50 on the high potential side to an output 
tennlnal 62 are switched on and off by means of switching elements 53 and 54, respectively. The output tenninal 52 
is connected through a capacitor 58 to deliver only AC components. For stabilization of power supply potential, a 
capacitor 59 Is connected between the constant potential sources 49 and 60. An input terminal 51 is connected directly 
to a gate of the switching element 53 on the ground potential side but is connected through a capacitor 55 to a gate 
35 of the switching element 54 on the hot potential side. DC level on the gate of the switching element 54 Is controlled by 
the action of a Zener diode 56 having a Zener potential level of a gate drive signal amplitude (the difference between 
maximum potential and minimum potential) such that the maximum potential of the gate drive signal equals the potential 
of the constant potential source 60 on the high potential side. In order to prevent runaway of the DC level, a resistor 
57 Is connected in parallel with the Zener diode 56. 
^ [0099] The irradiation transducer configured of the group of elements 1 -1 to 1 -N operates also as a receiving trans- 
ducer for detection of cavitation generated in an irradiated object. Signals received by the individual elemente are 
removed of components of the irradiation signal band by means of band-reject filters, 5-1 to 5-N, then led to receiving 
amplifiers, 9-1 to 9-N, so as to be amplified thereby and applied to a receiving focus circuit 13. Since the output port 
of each of the element drive circuits 3-1 to 3-N is connected to the low impedance circuit through the resonance circuit 
^5 operative to resonate at the frequencies f^ and as described above, the output impedance of the drive circuit will 
not act as a shunt at frequencies detuned from the respective f^ and 2fo to Interfere the receiving sensitivity, 
[0100] Display of an echo tomographic image by the array type transmitter/receiver probe 21 dedicated to ultrasonic 
imaging and motion due to breathing of the object portion can be dealt with in the same way as that In the embodiment 
of Flg.3 and will not be described. 
50 [0101] Referring now to Figs.14A and 14B, the difference between the ultrasonic transducer unit of the present 
embodiment and the ultrasonic transducer unit shown in Figs.4A and 4B. A diagram of Fig.14A showing the state of 
the transducer as seen from below and the elements associated with part of peripheral circuits is the same. 
[0102] In a piezoelectric element shown in Rg.14B, a plate-type piezoelectric ceramic having a thickness of 1/3 
wavelength of the fundamental wave (= 2/3 wavelength of the second hamionic wave) Is strongly bonded, by a bonding 
agent of relatively small thermal expansion coefficient, with a plate which is made of the same piezoelectric ceramic 
material but is made to be essentially piezoelectrically inactive by short-circuiting electrodes or without applying the 
electrode polarizing processing and which has a thickness of 1/6 wavelength of the fundamental wave. This piezoe- 
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lectrically inactive plate ma)^^ be made of a piezoelectrically inactive material su9li& zinc or copper having an 
acoustic Impedance which Is approximately equal to that of the piezoelectric ceramic. With the configuration as above, 
an ultrasonic vibrator element having piezoelectric activity at both the frequencies of the fundamental and second 
harmonic Is realized. Illustration of the drawing differs only in that the wave transmitter elements 1-1 and 1-2 are 
5 depicted identically In thickness. 

[0103] Even with a structure in which a spherical shell 33 forming part of the housing is not made of light alloy but 
is made of zinc or copper, having a thickness of 1/6 wavelength of the fundamental wave and a piezoelectric ceramic 
element having a thickness of 1/3 wavelength of the fundamental wave is bonded, the piezoelectric activity can be 
obtained at the frequencies of both the fundamental and the second hamionic but the structure of Figs.14A and 14B 
10 is slightly superior from the view of acoustic separation between adjacent elements. 

[0104] Acommodated in a circular hole at an array central portion shown in Figs,14A and 14B is a pulse echo trans- 
mitter/receiver probe 21 dedicated to ultrasonic imaging as in the case of Figs.4A and 4B. 

[01 05] Fig. 1 5 shows an example in which a rectangular array is used as the ultrasonic transducer unit of the present 
embodiment. Like the relation of Figs.14A and 14B to Figs.4A and 4B, the drawing illustration in this case differs from 

15 Fig.5 only in that wave transmitter elements 1-1 to 1-2 are depicted identically in thickness. Among the groups of 
piezoelectric elements 1 -1 to 1 -N and 2-1 to 2-N and 3-1 to 3-N, element 1 -1 to 1 -N are mutually connected electrically 
to the corresponding elements, 3-1 to 3-N, but can be driven at different phases relative to the elements, 2-1 to 2-N, 
making it possible to move the focal point in the depth direction according to the focusing along the minor side. 
[0106] In the foregoing, the circuit configuration capable of superimposing the second hamnonic wave on the funda- 

20 mental wave in a desired phase relation thereto at a desired amplitude ratio and the apparatus configuration including 
the same have been described but If It suffbes that the limitation is relieved to allow only a second hannonic wave 
being in a constant phase relation to the fundamental wave to be superimposed thereon, the superimposrtlon of the 
second harmonic wave can be effected with a simpler circuit configuration. When a wavefomn as shown in Fig.9 is 
desired to be obtained as a result of the superimposition, that is, when the second hamnonic wave is superimposed 

25 on the fundamental wave In a cosine-wave to cosine-wave relation, the push-pull type circuit as shown in Fig.13 may 
be used by one circuit per element. Namely, when the two switching elements 53 and 54 constituting the push-pull 
type circuit are controlled such that a state of rendering 53 on and rendering 54 off and a state of rendering 53 off and 
rendering 54 on are repeated, an ultrasound at the fundamental frequency and an ultrasound at the second hannonic 
frequency can be irradiated at a time by controlling the ratio between times for the wavefonn to stay at the respective 

30 states to a ratio which is not 1 :1 but is of an unequal ratio such as 1 :3. 

[0107] When a wavefonn as shown in Fig.10 is desired to be obtained as a result of the superimposition, that is, 
when the second harmonic wave is desired to be superimposed on the fundamental wave In a sine-wave to sine-wave 
phase relation, a circuit configuration as shown in Fig.1 6 is needed. One circuit of this type is used per element to drive 
the piezoelectric vibrator element. By controlling gate input temninals 66, 65, 68 and 67 of drive circuits composed of 

35 switching element groups 54, 63, and 63 with 64, three groups per piezoelectric vibrator element, adapted to switch 
on and off the electrical connection between respective three constant potential sources 50, 60 and 49 and the piezo- 
electric vibrator element in accordance with a time chart shown In Fig.1 7, a drive waveform having steeper rise than 
fall shown In Fig. 11 can be obtained as an output wavefomn at a temiinal 52. By changing the time chart, a drive 
waveform can also be obtained which Is steeper when falling than when rising. In contrast with the case obtaining the 

40 drive wavefonn of Fig. 1 7, in which the gate input temiinal 67 remained off, the gate control of temiinal 67 similar to 
that applied to the gate input temiinal 68 in the case of Fig.1 7 is carried out. According to the circuit configuration of 
Fig.1 6, since the drive wavefonn whteh can be obtained with the Fig.l 3 circuit configuration can of course be obtained, 
drive can afford to proceed based on a second harmonic superimposed wave which Is desirably defined in at least 
phase relation. The input terminal 67 is connected directly to a gate of the switching element 63 but the other input 

45 temninals 65, 66 and 68 are connected to gates of the switching elements 53. 54 and 64, respectively, through circuits 
similar to the gate peripheral circuit of the switching element 54 In Fig. 13, In order to prevent reverse currents of the 
switching elements 63 and 64, these elements are connected in series with diodes 61 and 62. 
[0108] In the foregoing embodiment, an example has been described wherein an electronic scanning type array 
transducer being complicated In configuration but considered to be excellent for general purpose use is employed as 

50 the ultrasonic transducer; but the application range of the present invention is not limited thereto and may also be 
applied to a single focus manual scanning type transducer or a single focus mechanical scanning type transducer, an 
example of which is shown in sectional fonn in Fig. 1 8. A comparative example of a non-focus type plane wave trans- 
ducer Is shown in sectional fonn in Fig.1 9, which is not part of the present invention. In the Figures, an electrode 73 
Is connected to a coaxial connector 76 by a lead wire 75. A housing 77 made of a metal of high thennal conductivity 

55 such as copper or aluminum is provided with a water conduit 78forcooling to deprive heat generated by the piezoelectric 
device during ultrasound generating operation or, if necessary, cool an object Irradiated with ultrasonic waves. In Fig. 
1 8, the thickness of the central part of the acoustic lens 79 made of magnesium or a magnesium-based alloy is set to 
be a 1/4 or 1/2 wavelength in the fundamental frequency, thus insuring high efficiency. In FIg.l 9, the thickness of a flat 
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piate 79 made of light metai 




as magnesium or aiuminum is set to be a 1/4 or 1 



relength in the fundamental 



frequency, thus insuring high efficiency. The thickness of a central portion of the acoustic lens 80 in Flg.18 made of 

magnesium or a magnesium-based alloy is set to measure similarly. 

[0109] Conventionally, in the case of the plane wave for which a high ultrasonic intensity level is hardly obtained, it 
was in effect impossible to generate cavitation sufficient for practical use in a nonstationary acoustic field, but the 
second hannonic wave superimposing method of the present invention succeeded in making the generation possible. 
Further, even by implanting a needle-shaped transducer, an example of which is shown in sectional form in Fig.20, in 
an affected part, therapeutic effects could be obtained. To prevent the ultrasound from being diffused, the tip conical 
part 81 is made of a material exhibiting a relatively slow sound speed. 

[01 1 0] In the foregoing, the embodiments have been described which make the generation of cavitation efficient by 
superimposing on the fundamental wave the second hannonic wave thereof but more efficient generation of cavitation 
can also be attained by superimposing a wave having a fourth, sixth or eighth hannonic of the fundamental wave on 
the aforementioned waves. 

[01 1 1 ] Next, other embodiments of the present invention will be described In greater detail with reference to Flgs.21 
to 24. 

[01 12] These embodiments, although the embodiment of Fig. 1 9 is similar in this point, notice the fact that the phase 
rotation due to the diffraction effect can be neglected in near acoustic fields of plane waves and therefore if plane 
waves of the two frequency waves are added to each other in the respective near acoustic fields so that wave fronts 
of the two frequency waves may become parallel to each other, then the phase relation between the two frequency 
waves can be conditioned to be advantageous to the generation of acoustic cavitation over a wide region. 
[0113] In connection with the ultrasonic therapeutic apparatus standing for an embodiment of the present invention, 
an example of the configuration of an intraoperative ultrasonic therapeutic transducer unit is shown In Fig.21. Planar 
piezoelectric devices 1 and 2f or generating the fundamental wave and the second hannonic wave, respectively, are 
mounted so as to oppose to each other in parallel. The two piezoelectric devices are respectively bonded to acoustic 
matching layers 79-1 and 79-2 each made of a magnesium-based alloy with sufficient acoustic strength. Heat generated 
during the generation of ultrasonic waves is led from the acoustic matching layers of high themnal conductivity to 
housings 77-1 and 77-2 each made of metal of high thennal conductivity and Is deprived from the transducer unit 
through water conduits 78-1 and 78-2 for cooling. If necessary, this cooling function can also be used for the purpose 
of cooling the vicinity of the surface of an affected part standing for an object to be irradiated with ultrasound. 
[01 14] For example, when an affected part at a lobule 1 1 0 of the liver is remedied, the affected part is in-adiated with 
ultrasonic waves of the fundamental frequency and second harmonic simultaneously from the both sides of the affected 
part while being sandwiched In between the planar piezoelectric devices 1 and 2. The distance between the planar 
piezoelectric devices 1 and 2 can be adjusted by means of a parallel moving mechanism 90 while keeping the paral- 
lelism. The distance between the surfaces of the acoustic matching layers 79-1 and 79-2 of the two piezoelectric 
devices Is set in principle to be an integer multiples of a half wavelength of the fundamental wave. A space between 
each of the two acoustic matching layers and the lobule 1 1 0 of the liver may be filled, as necessary, with a jelly having 
the same osmotic pressure as the living body to assist the ultrasound transferring. A compact ultrasonic detector 21 
is mounted in a small hole fomied in a central portion of the piezoelectric device to detect higher hannonics and higher 
hannonics of subharmonics, these hannonics being generated in correspondence to the generation of acoustic cavi- 
tation. Based on detected signals, the irradiation intensity of the fundamental wave and the second hannonic wave is 
adjusted orthe aforementioned distance between the surfaces of the acoustic matching layers 79-1 and 79-2 is adjusted 
finely for the purpose of attaining optimization. 

[0115] Fig.22 shows an example of an intraoperative ultrasonic therapeutic transducer unit configured to generate 
the fundamental wave and the second hannonic wave simultaneously from a single piezoelectric device in contrast to 
Fig.21. 

[0116] A reflection plate 92 made of, for example, stainless steel and having a thickness of an integer multiple of a 
half wavelen gth of the fundamental frequency wave is mounted to oppose planar piezoelectric devices for simultaneous 
generation of the fundamental wave and the second hannonic wave (71 and 72; they have the same configuration as 
that explained in connection with Fig.8) in parallel thereto. The planar piezoelectric devices are bonded to a thtekness 
vibrator element plate 79 made of a magnesium-based or aluminumbased alloy and having a thickness of an integer 
multiple of the half wavelength of the fundamental wave, with sufficient acoustic strength. For example, when an affected 
part at a lobule 110 of the liver is remedied, the affected part Is Irradiated with ultrasonic waves of the fundamental 
frequency and second hannonic simultaneously from the planar piezoelectric devices while placing the affected part 
between the planar piezoelectric devices and the reflection plate 92. The distance between the planar piezoelectric 
devices and the reflection plate 92 can be adjusted by means of a parallel moving mechanism 90 while keeping the 
parallelism. The distance between the surfaces of the thickness vibrator element plate 79 and reflection plate 92 Is set 
for optimization similariy to the aforementioned distance between the surfaces of 79-1 and 79-2. 
[01 1 7] With this configuration, acoustic fields substantially equal to the stationary acoustic fields set up between the 
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respective two planar piezS^^ric devices 1 and 2 and the respective two acoustic MRhing layers 79-1 and 79-2 in 
the embodiment of Fig.21 can be formed between the thickness vibrator element plate 79 and the reflection plate 92, 
Since the reflection plate 92 can be designed to be much thinner than the housing 79-2 of planar piezoelectric device 
2, this embodiment Is superior in the point of ease of intraoperative use and in this respect the configuration of Flg.22 
5 is more advantageous than the configuration of Fig.21 . 

[01 1 8] The intraoperative ultrasonic therapeutic transducer shown in Fig.21 or 22 can substitute for each transmitter 
element 1 or 2 or each transmitter element 1 1n the configuration of the ultrasonic therapeutic apparatus of the embod- 
iment shown in Fig.3 or 7 to constitute an intraoperative ultrasonic therapeutic apparatus. The ultrasonic detector 21 
in Fig.21 or 22 con-esponds to the probe 21 in Fig.3 or 7. 
10 [0119] Fig.23 shows an example of the configuration of a reactor of an ultrasonic chemical reaction apparatus ac- 
cording to an embodiment of the present invention. A reaction vessel 91 is filled with liquid, reactants or substrates for 
sono-chemical reaction as dissolved or scattered in the liquid is caused to flow in the reaction vessel 91 through an 
inlet 93, and a product stemming from a sono-chemlcal reaction, also dissolved or scattered in the liquid, is caused to 
flow out of the reaction vessel 91 through an outlet 94. When mutually parallel acoustic matching layers 79-1 and 79-2 
15 constituting part of the inner wall of the reaction vessel 91 are made of magnesium-based light metal as in the embod- 
iment of Fig.21 , each layer has a thickness of 1/4 wavelength or of 1/4 wavelength added with an integer multiple of 
a half wavelength; but when the layers are made of stainless steel or quartz glass with the aim of insuring required 
chemical stability, each layer has a thickness of an integer multiple of the half wavelength. The distance between inner 
walls of the reaction vessel is set to an integer multiple of the half wavelength of the fundamental wave so as to meet 
20 the resonance condition. The illustrated example was so designed that this distance was selected to be one wavelength 
of the fundamental wave in order to allow anti-nodes of stationary wave acoustic pressure to occur not only in the 
vicinity of the Inner wall but also a central portion of the vessel for both the fundamental wave and the second hannonic 
wave. The configuration of Fig.23 essentially superior in point of the generation of acoustic cavitation is also advanta- 
geous to the configuration of a bubble generator. 
25 [0120] Fig.24 shows an example of the configuration of a reactor of an ultrasonic chemical reaction apparatus or a 
bubble generator in which the fundamental wave and the second hannonic wave are generated from a single piezoe- 
lectric device at a time. A planar piezoelectric device capable of generating the fundamental wave and the second 
hamnonic wave simultaneously is bonded, with sufficient acoustic strength, to thickness vibrator element plate 79 which 
is made of stainless steel or quartz glass, has a thickness of an integer multiple of a half wavelength of the fundamental 
30 wave and forms part of the outer wall of a reaction vessel 91 . An outer wall 92 opposing the thickness vibrator element 
plate 79 in parallel thereto has a thickness which is also an integer multiple of the half wavelength of the fundamental 
wave and serves as a reflection plate. With this configuration, acoustic fields essentially equal to the stationary acoustic 
fields set up between the two acoustic matching layers 79-1 and 79-2 in the embodiment of Rg.23 can be fomied 
between the thickness vibrator element plate 79 and the reflection plate 92. 
35 [0121] Next, an embodiment of a cleaning apparatus for perfonning cleaning In a cleaning tank by irradiating the 
fundamental and the second hamrionlc wave will be described with reference to Fig.25. 

[0122] There are provided a cleaning tank 1 02 for containing a liquid 1 01 , for example, a semiconductor substrate 
cleaning liquid containing pure water or hydrogen peroxide and ammonia, a piezoelectric devtee 103 having its vibrator 
element surface bonded to the bottom of the cleaning tank 1 02, a flat plate 1 04 which is bonded to the piezoelectric 

40 device 103, is made of a solid state material having substantially the same acoustic impedance as the 103 and has 
an acoustic thickness in the vibration direction which is 1/2 of that of the 1 03, wavefomi generators 106 and 106 adapted 
to generate electrical signals of resonance frequencies f^ and 2fo, respectively, of a complex resonant type thickness 
vibrator element constituted by the 103 and 104, electrical signals delivered out of the wavefomi generators 105 and 
106, and an amplifier circuit 107 which adds together the electrical signals delivered out of the wavefomi generators 

-*5 1 05 and 1 06 and amplifies them to apply AC voltages to the piezoelectrk: device 1 03. With this configuration, ultrasonic 
waves of frequencies f^ and are irradiated on the cleaning liquid 101 contained in the cleaning tank 102. 
[01 23] In the ultrasonic cleaning apparatus configured as above, the vibrator element plate in the form of the bonded 
piezoelectric device 103 and flat plate 104 has substantially the same configuration as the piezoelectric thickness 
vibrator element explained previously in connection with Fig.8 and by performing excitation by means of the waveform 

50 generators 1 05 and 1 06 and the amplifier circuit 1 07, the fundamental wave f^ and the second hannonic wave 2!^ can 
coexist in a region 108. When an object 109 to be washed, for example, a sembonductor substrate is placed in this 
region 108, acoustic cavitation is generated highly efficiently at a surface of the object to be washed and the surface 
of the object 109 to be washed can be washed by the acoustic cavitation. 

[0124] Next, an embodiment of a cleaning apparatus for perfomiing cleaning in a cleaning tank by Irradiating the 
55 fundamental wave dnd the second harmonic wave from different vibrator elements will be described with reference to 

Fig.26. 

[0125] There are provided a cleaning tank 102 for containing a liquid 101 for cleaning, a piezoelectric device 103' 
having its vibrator element surface bonded to one of bottom surfaces of the cleaning tank and being resonant at a 
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fundamental frequency f^ i^^piezoelectric device 103" disposed on the other boMRurface of the cleaning tank 
and being resonant at a second hamionic wave 2fp of the f^; and a wavefonm generator 1 05 for generating an electrical 

signal having a component of the frequency f^ and a wavefomi generator 1 06 for generating an electrical signal having 

a component of the frequency deliver electrical signals which are amplified by amplifiers. 1 07' and 1 0T\ respectively, 
5 and applied to the piezoelectric devices 1 03' and 1 03" to vibrate them, thereby innadlating ultrasonic waves on the liquid 

101 for cleaning. As a result, the fundamental wave f^, and its second hamionic wave 2!^ can coexist in a region 108. 

When an object 109 to be washed, for example, a semiconductor substrate Is placed in this region, acoustic cavitation 

Is generated highly efficiently at the surface of the object 109 to be washed and the surface of the object 109 to be 

washed can be washed by the acoustic cavitation. 
10 [0126] Next, an embodiment of a cleaning apparatus for perfomriing cleaning by in-adiating ultrasonic waves on a 

cleaning liquid jetted out of a jetting unit will be described with reference to Fig.27. 

[0127] This embodiment comprises a pipe 112 for guiding a liquid 101 for cleaning, for example, pure water, a nozzle 
1 1 3 attached to the tip of the pipe, a piezoelectric device 1 03 held inside the nozzle 1 1 3, a flat plate 1 04 which is made 
of a solid having approximately the same acoustic impedance as the 1 03 and has an acoustic thickness in the vibrator 
IS element direction which is 1/2 of that of the 1 03, wavefonn generators 6 for generating signals of resonance frequencies 
fo and 2fo, respectively, of a complex thickness vibrator element configured of the 1 03 and 1 04, and an amplifier circuit 
107 by which signals delivered out of the wavefomn generators 105 and 106 are added together and amplified so as 
to be applied to the piezoelectric device 103. 

[0128] In the ultrasonic cleaning apparatus configured as above, the vibrator element plate fomried of the bonded 
20 piezoelectric device 1 03 and flat plate 1 04 has essentially the same configuration as the piezoelectric thickness vibrator 
element explained previously in connection with Fig.8 and when excitation Is carried out by means of the wavefonn 
generators 105 and 106 and amplifier circuit 107, the fundamental wave f^, and its second harmonic wave can 
coexist in a region 120 jetted out of the nozzle 113. When the cleaning liquid 101 is emitted from the nozzle 113 toward 
a rotating or stationary stage 119, there results highly efficient generation of acoustic cavitation at the surface of an 
object 121 to be washed, for example, a semiconductor substrate within the region 120 and the surface of the object 
121 to be washed can be washed by this acoustic cavitation. 

[0129] Results from evaluation of chemical cleaning effects brought about by the embodiments of the ultrasonic 
cleaning apparatus of Figs.25 to 27, especially, of Fig.25 will be described. 

[0130] As an example of chemical cleaning, a semiconductor substrate was washed through oxidation by using 
ammonia and hydrogen peroxide. Since the progress of oxidation in the semiconductor substrate stopped as It reached 
a constant depth and was difficult to quantify, a substance exhibiting color reaction through oxidation was held at a 
position In a cleaning container where the semiconductor was held and the velocity of oxidation of the substance due 
to irradiation of the ultrasonic waves was measured so as to be used as an index of efficiency of cleaning. Experiments 
were conducted in respect of a reaction in which triiodide ions I3- were generated from iodine ions 21" through oxidization. 
An aqueous solution In which potassium iodWe was added with chloral hydrate was contained in a bag made of poly- 
ethylene and having a thickness of 0.03 mm, and the bag was held at the semiconductor holding position and in-adiated 
with the ultrasonic waves. Concentration of the generated triiodide ions was detemriined by an absorbance and oxidation 
rate was detemnined from a value of the absori^ance. Oxidation rate obtained when a fundamental wave at 750kHz 
and a second hamrionic wave at 1.5MHz were In-adiated simultaneously while the sum of power levels of the two 
ultrasonic waves being kept to be constant was plotted relative to the ratio of the power at the fundamental frequency 
to the total ultrasonic power to obtain oxidation rate of the same characteristics as those explained previously In con- 
nection with Flg.6. In this case, the sum of ultrasonic intensity levels of the fundamental wave and the second harmonic 
wave at the location where the oxidation occun^ed was about SOW/cm^. With the fundamental wave or the second 
hamionic wave alone used, the oxidation rate was zero within the experimental enror range but the synergistrc effects 
obtained when the two frequency waves were irradiated at a time were remari«ible and especially when the ratio of 
the power at the fundamental frequency to the total ultrasound power was 0.2 to 0.8 (fundamental wave: second 
hamnonic wave = 1 :4 to 4:1), high oxidation rate was obtained. 

[0131] When the acoustic power ratio between the fundamental wave and the second hannonic wave is fixed to 1 : 
1 and the phase relation between the fundamerital wave and the second hanmonic wave Is changed, the oxidation rate 
is plotted to obtain results as shown In Fig.28. In this case, too, the sum of ultrasonic intensity levels of the fundamental 
wave and second hamrionic wave at a location where oxidation occun-ed was about 30 W/cm^. in the Figure, abscissa 
represents values of a when letting the fundamental wave be sin(2 Tcf) and the second hamionic wave be sln(4 jcf). 
With the value of a being (1/4)7i to (7/4)jt, high oxidation rate was obtained. Especially, for 71/2 ^ a < jt. remarkably high 
oxidation rate was obtained, where a = ji/2 is a phase relation which maximizes the absolute value of negative peak 
acoustic pressure and a = tc is a phase relation which makes the fall of acoustfc pressure steepest. 
[0132] The ultrasonic cleaning apparatus shown in the present embodiment was also effective for cleaning using 
hydrogen peroxide and sulfuric acid, cleaning using trichloro acetic acid and cleaning using chloral hydrate. 
[0133] Next, an example in which the present invention Is applied to sterilization of liquid will be described with 
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reference to Fig. 29. 

[0134] The present embodinnent comprises a processing tank 201 , a liquid pouring port 202, a liquid discharge port 
203, valves 204, a bubble Injection port 205, a piezoelectric device 206 having Its vibrator element surface bonded to 
the bottom of the processing tank 201 , a flat plate 207 which is bonded to the 206, has substantially the same acoustic 

5 impedance as the 206 and is made of a solid having the same acoustic impedance as the 206 and an acoustic thbkness 
in the vibrator element direction measuring 1/2 of that of the piezoelectric device 206, waveform generators 208a and 
208b for generating electrical signals of resonance frequencies f^ and 21^ of a complex resonance thickness vibrator 
element configured of the 206 and 207, and an amplifier circuit 209 for adding together and amplifying electrical signals 
delivered out of the wavefomi generators 208a and 208b. 

10 [0135] Here, the relation between the piezoelectric device 206 and flat plate 207 is defined similarly to the embodi- 
ment of Fig.25 as described in connection with Fig. 8. When AC voltages of the resonance frequencies f^ and 2fQ are 
applied to the piezoelectric device 206 to excite it and ultrasonic waves are irradiated on the liquid in the processing 
tank 201 , the fundamental wave and its second hamnonic wave 2fo can coexist in the liquid in the processing tank. 
Through this, acoustic cavitation is generated efficiently in the processing tank and sterilization of the liquid can be 

^5 carried out. 

[0136] At that time, if gas species such as air is injected from the bubble injection port 205, then a caviation core is 
allowed to exist stably and the effect of sterilization will be less degraded even when the ultrasonic waves are irradiated 
for a long time. By adjusting the degree of opening of the valves and timing therefor, the throughput and processing 
time of the liquid can be changed. 

20 [0137] In the case where the composition of the liquid is allowed to be changed, the sterilization effect per hour can 
be improved by adding to the liquid a sono-chemical activation substance including a dye in porphyrin-family such as 
hematoporphyrin or chlorin or a halogenoid compound such as chloral hydrate or tetrachloro acetic acid. 
[0138] Like the embodiment of Fig.26, a processing apparatus for perfonning sterilization in a processing tank by 
Irradiating the fundamental wave and the second hanmonfc wave from different locations can be provided and an 

25 embodiment to this effect will be described with reference to Fig.30. 

[01 39] The overall configuration of a liquid processing apparatus is similar to Fig,29 and differs therefrom only in that 
vibrator element surfaces of an ultrasonic vibrator element 206a resonant with a fundamental frequency and an 
ultrasonic vibrator element 206b resonant with a second harmonic wave are independently bonded to the side wall 
of a processing tank 201 , and electrical signals delivered out of a waveform generator 208a for generating an electrical 

30 signal having a component of the frequency f^ and a wavefonn generator 208b for generating an electrical signal having 
a component of second hamnonic of the f^ are independently amplified by amplifiers 209a and 209b, respectively, to 
apply AC voltages to the ultrasonic vibrator elements 206a and 206b. 

[01 40] When ultrasonic waves are irradiated Into the processing lank 1 by means of the ultrasonic vibrator elements 
206a and 206b, the fundamental wave f^ and its second harmonic wave are allowed to coexist in the processing 
35 tank. Through this, acoustic cavitation occurs efficiently In the processing tank and sterilization of the liquid can be 
carried out. 



Claims 

40 

1 . An apparatus for generating ultrasonic waves, comprising: 

means (1 to 4, 7, 8, 1 1 , 1 2, 20) for simultaneously irradiating an object with a continuous ultrasonic fundamental 
wave having a fundamental frequency fo and a continuous ultrasonic second hamnonic wave having the fre- 
^ quency 2fQ of the second hanmonic of the fundamental frequency, 

characterised In that 

said fundamental wave and said second harmonic wave are both focused to the same focus and the intensity 
of the second harmonic wave at the focus is larger than 1 /4 and less than four times the intensity of the fundamental 
50 wave. 

2. An apparatus according to claim 1 , characterised In that an ultrasonic transmitter is provided which includes a 
transmitter element (1 -1 ...1 -N) for generating the fundamental wave and another transmitter element (2-1 ...2-M) 
for generating the second harmonic wave, said transmitter elements being independent of each other, and in that 

55 each of said elements Is driven by an Independent signal voltage, respectively 

3. An apparatus according to claim 2, characterised in that said ultrasonic transmitter Is an array including a plurality 
of transmitter elements (1-1 ...1-N) for generating the fundamental wave and a plurality of transmitter elements 



17 



EP 0 619 104 B1 

(2-1 ...2-M) for generatifl^PTe second harmonic wave. 



it^l^e 



4. An apparatus according to claim 1 , characterised in that the waveform of the second harmonic wave is -sin (4jtfl) 
and the wavefomn of the fundamental wave is sin(27cft). 

5 

5. An apparatus according to claim 1 , characterised in that an ultrasonic imaging unit (21 ...25, 30) is provided which 
is so configured as to form an ultrasonic echo image of the in-adiated object by transmitting and receiving a pulse 
wave having a higher frequency than the second hamrionic wave. 

10 6. An apparatus according to claim 1 , characterised by means (5, 6, 9, 10, 13, 14) for receiving ultrasonic waves 
having an even multiple of the frequency of the second harmonic wave and being generated by cavitation at the 
object in'adiated by the fundamental wave and the second harmonic wave. 

7. An apparatus according to claim 1 , characterised in that the continuous ultrasound fundamental wave and the 
15 continuous ultrasound second harmonic wave are irradiated simultaneously from the same piezoelectric element 

(1 -1 ...1 -N) toward the same object. 

8. An apparatus according to claim 7, characterised in that the piezoelectric element (71 , 72) is made of a piezoe- 
lectric material and a material having the same acoustic impedance as the piezoelectric material and having an 

20 acoustic thiclcness of a half wavelength of the fundamental wave, and in that the piezoelectric element (71 , 72) 

has a thickness of substantially 2/3 of the acoustic thickness driven piezoelectrically. 

9. An apparatus according to claim 8, characterised in that the piezoelectric element (71 , 72) has a first region (72) 
corresponding to substantially 1/3 of the acoustic thickness and a second region (71 ) corresponding to substantially 

25 2/3 of the acoustic thickness which regions are bonded together, and in that only said second region (71 ) is driven 

piezoelectrically. 

10. An apparatus according to claim 7, characterised in that a push-pull circuit (3-1 ... 3-N) for driving said piezoelectric 
element (1 -1 ... 1 -N) is provided, having two switching elements (53, 54, 63, 64), one of which is rendered on and 

30 the other is rendered off in one state of the circuit, the on/off rendering being inverted in another state, said states 

being repetitively assumed by said circuit, and the ratio between times for the respective states to persist being 
substantially 1 :3 or 3:1 . 

11. An apparatus according to claim 10, characterised in that a drive circuit (3-1 ...3-N) is provided which includes 
35 three DC constant potential sources (49, 50, 60) and switching elements (53, 54, 63, 64) provided in three groups 

per one piezoelectric element (1 -1 ...1 -N) for switching on/off the eiectrteal connection between each of said con- 
stant potential sources and said piezoelectric element. 

12. An apparatus according to claim 1 , characterised by a first circuit (47) for driving a piezoelectric element (1-1 ... 
40 1 -N) at the fundamental frequency and a second circuit (48) for driving said piezoelectric element at the second 

hamionic of the fundamental frequency, said piezoelectric element being connected to said first circuit (47) through 
an inductor (44) having an inductance of 5/8L and to said second circuit (48) through an inductor (45) having an 
inductance of 1 0/9L and through a capacitor (46) connected in series with this inductance and having a capacitance 
of 9/25C, where the total capacitance of said piezoelectric element and anothercapacitor (43) connected in parallel 
45 thereto is C and an inductance resonant with the total capacitance at the fundamental frequency is L. 

13. An apparatus according to claim 1 , characterised in that wave fronts of said two frequencies are rendered sub- 
stantially parallel to each other. 

50 14. An ultrasonic cleaning apparatus having an apparatus for generating ultrasonk: waves according to claim 1 for 

in'adiating said object through a medium of a liquid. 

15. An apparatus according to claim 14, characterised by a cleaning tank (102) for holding the irradiated object (109, 
121). 



55 



16. An apparatus according to claim 14, characterised by a jetting unit (113) for ejecting a liquid medium (1 20) through 
which said ultrasonic waves are Inxidiated on said object (109, 121). 
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17. An apparatus accordingBiaim 1 , characterised In that the waveform of the s^^ro harmonic wave is sin (47tft 
+ a) and the waveform of the fundamental wave is sin(27tft) where a is a real number which is more than (1/4)n 



to less than {7/A)n, 



5 18. A liquid sterilising apparatus, having an apparatus for generating ultrasonic waves according to claim 1 . 

19. An apparatus according to 14 or 18, characterised by an ultrasonic thickness vibrator element with a laminar 
structure of a piezoelectric device (1 03, 206) and a solid (1 04. 207) closely bonded thereto and having substantially 
the same acoustic impedance as said piezoelectric device. 

10 

20. An apparatus according to claim 1 9, characterised in that the ratio between a time defined by dividing a thickness 
in the vibration direction of said piezoelectric device (103, 206) by an acoustic speed therefor and a time defined 
by dividing a thfckness in the vibration direction of said solid (1 04, 207) by an acoustic speed for said solid is more 
than 1 to less than 3. 



PatentansprUche 



1 . Vorrichtung zur Erzeugung von Ultraschallwellen, aufweisend: 

20 

eine Einrichtung (1 bis 4, 7, 8, 1 1 , 1 2, 20) zum gleichzeitigen Bestrahlen eines Objekts mit einer kontinuieriichen 
Ultraschall-Grundwelle mit einer Grundfrequenz fo und einer kontinuieriichen ersten Ultraschall-Obenwelle mit 
der Frequenz 2fo der ersten Obenwelle der Grundfrequenz, 

dadurch gekennzelchnet, daB 

die Grundwelle und die erste Obenwelie belde auf den gleichen Fokus fokussiert sind und die Intensitat der 
ersten Obenwelle am Fokus groBer als 1/4 und klelner als das Vierfache der Intensitat der Grundwelle betragt. 

2. Vorrichtung nach Anspruch 1 , gekennzeichnet durch einen Ultraschailsender mit einem Sendeelement (1-1 ... 
30 1 -N) zum Erzeugen der Grundwelle und einem anderen Sendeelement (2-1 . ..2-M) zum Erzeugen der ersten Ober- 

welte, wobei die Sendeelementeunabhangig voneinandersind und jedes von einer entsprechenden unabhangigen 
Signalspannung angesteuert wird. 

3. Vorrichtung nach Anspruch 2, dadurch gekennzeichnet, daB der Ultraschailsender ein Feld mit mehreren Sen- 
35 deelementen (1 -1 ...1 -N) zur Erzeugung der .Grundwelle und mehreren Sendeelementen (2-1 . ..2-M) zur Erzeugung 

der ersten Oberwelle aufwetst. 



4. Vorrichtung nach Anspruch 1 , dadurch gekennzeichnet, daB die Wellenform der ersten Oberwelle durch -sin 
(4jcft) und die Wellenfomi der Grundwelle durch sin(2nft) gegeben ist. 

40 

5. Vorrichtung nach Anspruch 1, gekennzeichnet durch eine Ultraschall-Bildgebungseinheit (21. ..26, 30), die so 
eingerichtet ist. daB sie durch Aussenden und Empfangen einer Impulswelle mit hoherer Frequenz als die erste 
Obenwelle ein Ultraschall-Echobild des bestrahlten Objekts bildet. 



6. Vorrichtung nach Anspmch 1. gekennzeichnet durch eine Einrichtung (5, 6, 9, 10, 13, 14) zum Empfang von 
Ultraschallwellen mit einem ganzzahligen Vielfachen der Frequenz der ersten Obenwelle, die durch Kavitation am 
mit der Grundwelle und der ersten Oberwelle bestrahlten Objekt erzeugt werden. 

7. Vorrichtung nach Anspruch 1 , dadurch gekennzeichnet, daB die kontinuierifche Ultraschall-Grundwelle und die 
kontinuieriiche erste Ultraschall-Obenwelle gleichzeitig vom gleichen piezoelektrischen Element (1 -1 . ..1 -N) auf das 
gleiche Objekt gestrahlt werden. 



8. Vorrichtung nach Anspruch 7, dadurch gekennzeichnet, daB das piezoelektrische Element (71 , 72) aus einem 
piezoelektrischen Material sowie einem Material mit der gleichen akustischen Impedanz wie das piezoelektrische 
Material und einer akustischen Dicke von der halben Wellenlange der Grundwelle aufgebaut ist und eine Dicke 
aufweist, die uber etwa 2/3 der akustischen Dicke piezoelektrisch angesteuert ist. 

9. Vorrichtung nach Anspruch 8, dadurch gekennzeichnet, daB das piezoelektrische Element (71 . 72) einen ereten 
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Bereich (72), der im vyli^iichen 1/3 der akustischen Dicke entsprlcht, und eiSraweiten Bereich (71), der im 
wesentltehen 2/3 der akustischen Dicke entspiicht, aufweist und die Bereiche zusammengefugt sind, und daB 
lediglich derzweite Bereich (71) piezoelektrlsch angesteuert wird. 

10. Vorrichtung nach Anspruch 7, gekennzeichnet durch eine Gegentaktschaltung (3-1 ...3-N) zur Ansteuerung des 
piezoelektrischen Elements (1-1. ..1-N) mit zwei Schaltelementen (53, 54, 63, 64), von denen in einem Zustand 
der Schaltung eines ein- und das andere ausgeschaltet ist, das Eln-/Ausschalten in einem anderen Zustand um- 
gekehrt wird, die genannten Zustande von der Schaltung wiederholt angenommen werden und das Verhaltnis 
zwischen den Zeiten, in denen die entsprechenden Zustande bestehen, im wesentlichen 1 :3 Oder 3:1 betragt. 

11. Vorrichtung nach Anspruch 10, gekennzeichnet durch eine Treiberschaltung (3-1. ..3-N) mit drei Gleichstrom- 
Konstantspannungsquellen (49, 50, 60) und in drei Gruppen pro piezoelektrlschem Element (1-1 ...1-N) vorgese- 
henen Schaltelementen (53, 54, 63, 64) zum Ein/Ausschalten der elektrlschen Verbindung zwischen jeder der 
Konstantspannungsquellen und dem piezoelektrischen Element. 



12. Vorrichtung nach Anspruch 1 , gekennzeichnet durch eine erste Schaltung (47) zum Ansteuem eines piezoelek- 
trischen Elements (1 -1 ...1-N) mit der Grundfrequenz und einer zweiten Schaltung (48) zum Ansteuern des piezo- 
elektrischen Elements mit der ersten Oberwelle der Grundfrequenz, wobei das piezoelektrische Element mit der 
ersten Schaltung (47) uber eine Drossel (44) mit einer Induktivitat von 5/8L und mit der zweiten Schaltung (48) 
20 uber eine Drossel (45) mit eine Induktivitat von 10/9L und uber einen in Serie mit dieser Induktivitat geschalteten 

Kondensator mit einer Kapazitat von 9/25C verbunden Ist, wobei die Gesamtkapazitat des piezoelektrischen Ele- 
ments und eines anderen mit Ihm parallel geschalteten Kondensators (43) C betragt und die mit der Gesamtka- 
pazitat bei der Grundwelle in Resonanz befindliche Induktivitat L betragt. 



13. Vorrichtung nach Anspruch 1 , dadurch gekennzeichnet, daB die Wellenfronten der beiden Frequenzen im we- 
sentlichen parallel zueinander gemacht werden. 

14. Ultraschall-Reinigungsvomchtung mit einer Vorrichtung zur Erzeugung von Ultraschallwellen nach Anspruch 1 zur 
Bestrahlung des genannten Objekts uberein Flussigkeltsmedium. 

15. Vorrichtung nach Anspruch 14, gekennzeichnet durch einen Relnigungstank(102)zurAufnahmedes bestrahlten 

Objekts (109, 121). 

16. Vorrichtung nach Anspruch 14, gekennzeichnet durch eine Strahleinheit (113) zum Ausspritzen eines Flussig- 
35 keitsmedlums (120), durch das die Ultraschallwellen auf das Objekt (109, 121) gestrahit werden. 

17. Vorrichtung nach Anspruch 1 , dadurch gekennzeichnet, daB die Wellenform der ersten Obenvelle sin(47tft + a) 
und die Wellenfonn der Grundwelle sin(27cft) folgt, wobei a eine rationale Zahl von mehr als (1/4)ic bis weniger als 
(7/4)71 ist. 
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18. Flussigkeitssterilisationsvomchtung mit einer Vorrichtung zur Erzeugung von Ultraschallwellen nach Anspaich 1. 

19. Vorrichtung nach Anspruch 14 Oder 18, gekennzeichnet durch ein Ultraschall-Dickenschwingungselement mit 
einer Schichtstruktur aus einer Piezoelektrischen Einrichtung (103, 206) und einem Festkorper (104, 207), der 
dicht daran angefugt ist und im wesentlichen die gleiche akustische Impedanz wie die piezoelektrische Einrichtung 
aufweist. 

20. Vorrichtung nach Anspruch 19, dadurch gekennzeichnet, daB das Verhaltnis zwischen einer Zeit, die durch Di- 
vidieren einer Dicke der piezoelektrischen Einrichtung (103, 206) in Schwingungsrichtung durch die akustische 
Geschwindigkeit dafur festgelegt ist, und einer Zeit, die durch Dividleren einer Dicke des Festkorpers (104, 207) 
in Schwingungsrichtung durch eine akustische Geschwindigkeit fur den Festkorper festgelegt ist, mehr als 1 und 
weniger als 3 betrdgt. 

^ Revendications 

1 . Dispositif pour produire des ondes ullrasonores, comportant : 
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des moyens (1 k 11 , 1 2, 20) pour Irradler simultan§ment un objet a^Hne onde fondamentale ultra- 

sonore continue ayant une fr6quence fondamentale fo et une onde ultrasonore d'hanmonique de rang deux 
continue ayant la fr6quence 2fo de I'harmonique de rang deux de la frequence fondamentale. 

caracterise en ce que 

ladite onde fondamentale et ladite onde tfhannonique de rang deux sont toutes deux focalis6es sur le meme 
foyer et rintensit6 de I'onde d'harmonique de rang deux au niveau du foyer est plus grande que 1/4 et plus 
petite que quatre fois rintensit6 de I'onde fondamentale. 

2. DIspositIf salon la revendication 1 , caracterise en ce qu'il est pr6vu un emetteur ultrasonore qui comporte un 
6l6ment6metteur(1-1...1 pour produire I'onde fondamentale etun autre 6l6ment6metteur (2-1... 2-M) pour produire 
I'onde d'harmonique de rang deux, lesdits Elements 6metteurs 6tant ind6pendants I'un de I'autre, et en ce que 
chacun desdits 6l6ments est excit6 par une tension de signal ind6pendante, respectlvement. 

3. Dispositif selon la revendication 2, caracterise en ce que ledit emetteur ultrasonore est un r^seau comportant 
une plurality d'6l6ments 6metteurs (1 -1 ...1 -N) pour produire I'onde fondamentale et une plurality d'6l6ments 6met- 
teurs (2-1 ...2-M) pour produire I'onde d'harmonique de rang deux. 

4. Dispositif selon la revendication 1 , caracterise en ce que la fonne d'onde de I'onde d'harmonique de rang deux 
est -sln(4jcft) et la fomie d'onde de I'onde fondamentale est sin(27ift). 



5. Dispositif selon la revendication 1 , caracterise en ce qu'il est prevu une unite d'imagerie ultrasonore (21 ...25, 30) 
qui est configur6e de manifere k fornier une image d'6cho ultrasonore de Tobjet in^adi^ en 6mettant et recevant 

55 une onde puisne ayant une frequence plus elev6e que Tonde d'hannonlque de rang deux. 

6. Dispositif selon la revendication 1, caracterise par des moyens (5, 6, 9, 10, 13, 14) pour recevoir des ondes 
ultrasonores ayant un multiple pair de ia frequence de I'onde d'hannonique de rang deux et produite par cavitation 
au niveau de I'objet irradie par I'onde fondamentale et I'onde d'harmonique de rang deux. 



7. Dispositif selon la revendication 1, caracterise en ce que I'onde fondamentale ultrasonore continue et I'onde 
d'hamnonique de rang deux ultrasonore continue sont in-adtees slmultan6ment k partir du mfime 6l6ment pi62o6- 
lectrique (1-1 ...1-N) vers le m§me objet. 



35 8. 



Dispositif selon la revendication 7, caracterise en ce que I'6l6ment pi6zo6lectrique (71, 72) est constitu6 d'un 

materiau pi6zoelectrlque et d'un mat6riau ayant la meme impedance acoustique que le mat6riau pi6zoelectrique 
et ayant une epaisseur acoustique d'une demi-longueur d'onde de I'onde fondamentale et en ce que rel6ment 
pi6zo6lectrique (71 , 72) a une 6palsseur sensiblement 6gale k 2/3 de T^paisseur acoustique entraTn6e pi62o6lec- 
triquement. 

9. Dispositif selon la revendication 8, caracterise en ce que r§l6ment pi§2o6lectrique (71 , 72) a une premiere zone 
(72) correspondant sensiblement & 1/3 de r^paisseur acoustique et une seconde zone (71 ) correspondant sensi- 
blement ^ 2/3 de l'6palsseur acoustique, lesquelles zones sont relives I'une k l*autre et en ce que seule ladite 
seconde zone (71) est entraTn6e pi6zo6leclrlquement. 

10. Dispositif selon la revendication 7, caracterise en ce qu'il est pr6vu un circuit push-pull (3-1 .,.3-N) pour exciter 
ledit Element pi6zoelectrique (1-1,.. 1-N), ayant deux §l6ments de commutation (53, 54, 63, 64) dont un premier 
est rendu passant et I'autre est rendu bloquant dans un 6tat du circuit, I'actlon de rendre passant/bloquant 6tant 
invers6e dans un autre 6tat, lesdits etats 6tant pris de mani^re r6p6tltive par ledit circuit, et le rapport entre les 
temps pendant lesquels des etats respectifs persistent 6tant sensiblement de 1 :3 ou 3:1 . 

1 1 . Dispositif selon la revendication 1 0, caracterise en ce qu'il est pr6vu un circuit d'excitation (3-1 . . .3-N) qui comporte 
trois sources de potentiel constant de courant continu (49, 50, 60) et des 6l§ments de commutation (53, 54, 63, 
64) agenc^s en trois groupes par 6l6ment pi6zo6lectrique (1-1 ...1-N) pour commuter entre passant/bloquant la 
connexion 6lectrique entre chacune desdites sources de potentiel constant et ledit 6l6ment pi62o6lectrique. 

12. Dispositif selon la revendication 1 , caracterise par un premier circuit (47) pour exciter un 6l6ment pi62o6lectrique 
(1-1.. .1-N) k la fr6quence fondamentale et un second circuit (48) pour exciter ledit 6l6ment pi6zo6lectrique au 
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second harmonlque d^^^^quence fondamentale, ledit element pi6zo6lectriquWBnt reli§ audit premier circuit 
(47) k travers un inducteur (44) ayant une Inductance de 5/8 L et audit second circuit 6lectrique (48) k travers un 

inducteu r (45) ayant une inductance de 1 0/9 L et ^ travers un condensateur (46) reli6 en s6rie avec cette inductance 
et ayant une capacite de 9/25 C, ou la capacity totale dudit Element piezoelectrique et d'un autre condensateur 
(43) reli6 en parall^le & celul-ci est C et I'lnductance de resonance avec la capacity totale k la frequence fonda- 
mentale est L. 



13. Dispositif selon la revendlcation 1 , caracterise en ce que les fronts d'onde desdites deux frequences sont rendus 
senslblement paralleles Tun k I'autre. 

10 

14. Dispositif de nettoyage ultrasonore ayant un dispositif pour produire des ondes ultrasonores selon la revendication 
1 pour irradier ledit objet k travers un milieu constitu6 d'un llquide. 

15. Dispositif selon la revendication 14, caracterise par un reservoir de nettoyage (102) destin6 k contenir I'objet 

IS in'adi6(109, 121). 

16. Dispositif selon la revendication 14. caracterise par une unit6 de projection (113) pour 6jecter un milieu liquide 
(120) a travers lequel lesdites ondes ultrasonores sont irradiees sur ledit objet (109, 121), 

20 17. Dispositif selon la revendication 1 , caracterise en ce que la fonne d'onde de I'onde d'hamionique de rang deux 
est sln(4nft + a) et la fomne d'onde de I'onde fondamentale est sin(27tft) oQ a est un nombre r6e\ qui est plus grand 
que (1/4)7c mais plus petit que {7/A)k, 

1 8. Dispositif de sterilisation de liquide ayant un dispositif pour produire des ondes ultrasonores selon la revendication 
25 1. 

19. Dispositif selon la revendication 14 ou 1 8, caracterise par un 6l6ment fomiant vibrateur d'6paisseur ultrasonore 
ayant une structure stratifiee constituee d'un dispositif piezoelectrique (103, 206) et d'un solide (104, 207) fixe 
etroitement sur celui-ci et ayant senslblement la meme impedance acoustlque que ledit dispositif piezoelectrique. 

20. Dispositif selon la revendication 1 9, caracterise en ce que le rapport entre le temps def ini en divlsant I'epaisseur 
dans la direction de vibration dudit dispositif pi6zo6Iectrique (1 03, 206) par la Vitesse acoustlque de celui-ci et le 
temps d§fini en divisant I'epaisseur dans la direction de vibration dudit sollde (104, 207) par la Vitesse acoustlque 
dudit solide est plus grand que 1 mals plus petit que 3. 
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FIG. 4A 
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FIG. 7 
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FIG. 12 
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FIG. 29 
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FIG. 30 
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